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STUDY GUIDE 



STEP 



NAME 



STEP 



SECTION 



SELF-PACED PHYSICS 
SEGMENT 24 



0.1 



Reading : 



*HR 29-1/29-5 

SW 28-3 

SZ 26-3; 26-4 

AB 37-1; 37-2 



0.2 



Information Panel, "Work in an 
Electric Field" 



I r 

□ □ 

(ans) 



1,1 If correct, advance to 5,1; if 
not, continue sequence. 



o 

•H 

o 
a, 
u 
o 
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•d 

Q) 

u 

Q) 
Q) 

+j 

a 
o 

U-l 

Q) 
U) 
C 
0) 

o 

•H 

u 

Q) 

Q) 
U 
i3 
13 
O 



W 
W 
Q) 
O 

o 



5.1 



6.1 



ERLC 



(ans) 



(ans) 



(ans) 



A B C D 



T F 



□□□□ □□ 



Information Panel, "Potential 
Difference*' 

T F 



]□□ 



(ans) 



If correct, advance to 10.1; if 
not, continue sequence. 



10 



11 



12 



10.1 



11.1 



A B C D 



(ans) 



Information Panel, "Potential 
Due to a Point Charge" 



B 



T F 



□ □□ □□ 



If your first choice was correct 
advance to 14.1; if not, con- 
tinue sequence, 

□ □□□ 



1 
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STEP 


STUDY 

NAME 


GU 
P 
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STEP 
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13 




A B C D 

□ □□ 




19 






B C D 


14 




A B C D 

□ □□□ 


□□ 






A 


BCD T F 

u □□ 




14.1 


Information Panel, "Potential 
Due to Combination of Charges*' 




20.1 


Homework: HR 29-8 


15 




A B C D T F 

□ □□□ □□ 










16 


15.1 


If your first choice ; 
advance to 20.1; if i 
tinue sequence. 


7as correct, 
lot, con- 
































Cans) 










17 






































(ans) 










18 




A B C D 

□□□□ 
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STEP 



NAME 



P STEP 



SECTION 



SEGMENT 25 



0.1 



0.2 



Reading: *HR 29-6/29-9 
*SW 28-3, 28-4 
SZ 26-2; *26-6 

Information Panel, "Potential 
Gradient" 



6.1 



If your first choice was cor*- 
rect, advance to ? 10; if not, 
continue sequence . 



A B C D 



A B C D 



T F 



1.1 



o 

+J 

m 
u 
o 
&i 
u 
o 
o 

+J 
-d 

0) 

u 

0) 
5* 

0) 

o 
u 

U-l 

0) 
0} 

o 

•H 
1^ 

}^ 
0) 

0) 

o 

o 
u 



0) 
0} 
Q) 

o 



□□□□ □□ 



If your first choice was correct, 
advance to 5.1; if not, continue 
sequence . 



M D U U 

□ □□□ 



ABC D 

□ □□□ 



□ □□□ 



A B C D 



A B C D 



T F 



□ □□ □□ 



10 



A B C D 



T F 



10.1 



(ans) 



11 



T F 

□ □ 

(ans) 



12 



5.1 



Information Panel, "Potential 
Due to Distributed Charges" 



□ □□□ □□ 



If your first choice was cor- 
rect, advance to 13.1; if not, 
continue sequence. 

A B C D 

□□□□ 



A B C D 

□ □□□ 



13 



T F 



A B C D 



T F 



□ □□□ □□ 



13.1 



□ □□□ □□ 



Information Panel, "Applications 
of"T:he Concept of Electric Poten- 
tial Energy", 
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STEP 
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P 


STEP 


SriCTION SEGMENT 25 


14 

15 
16 
17 
18 


14.1 
18.1 

1 


1 II 1 

(ans) 

If correct, advance to 18,1; if 
not, continue sequence, 

A B C D 

□ □□□ 

A B C D 

□ □□□ 

(ans) 
(ans) 

Homework: HR 29--16 
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STEP 



NAME 



STEP 



SECTION 



SEGMENT 26 



0.1 



0.2 



0.3 



1.1 



Reading: -liR 30-1, 30-2 
SW 30-1, 30-2 
SZ 27-1/27-3 
AB 37-A, 37-5 

Information Panel, "The Meaning 
of Capacitance" 

jdiovisual, CAPACITORS 



□ □□□ □□ 



If your first choice was correct, 
advance to 5.1; if not, continue 
sequence . 

A B C D 



6.1 



If your first choice was correct, 
advance co 9.1; if not , continue 
sequence - * 

















A 


B 


C 


D 
















A 


B 


C 


D 

















ABC P 

□ □□□ 



9.1 



9.2 



Information Panel, "Equivalent 
Capacitance - Series and Paral- 
lel" 

Audiovisual, THE CAPACITOR IN 
ACTION 



10 



(ans) 



□□ 

(ans) 



10.1 



If correct, advance to 14.1; if 
not, continue sequence. 



11 



□ □□ 



5.1 



Information Panel, "Calculation 
of Capacitance" 



12 



B 



T F 



□ □□□ □□ 



(ans) 
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STEP 



13 



NAME 



(ans) 



14.1 



ID 



15.1 



16 



17 



18 



19 



T F 

□ □ 

(ans) 



Information Panel, "Analysis of 
Capacitor Circuits" 



□□ 

(ans) 



If correct, advance to 22.1; if 
not, continue sequence. 



A B C D 

□ □□□ 



A B C D 



□ □□ 



A B C D 

□ □□□ 

A B C D 

□□□□ 



STEP SECTION 



20 



21 



22 



22.1 



SEGMENT 26 



A B C D 



□ □□ 



A B C D 



Homework: HR 30-10 



□□ 

(ans) 
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SECTION 
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0 
0. 
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0 

o 
+J 

u 

(U 
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0 
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Q) 
O 

a 
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u 
a 

(U 
0 
13 

0 
U 



CO 
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(U 

o 
o 



O.ll Reading: HR *30-3, 30-4, 30-5; 
*30-7 

SW 30-3, *3G-4 

SZ 27-4, *27-5; 27-8 

0,2 Information Panel, "Energy 
Storage in Capacitors" 



Cans) 



1.1 



□□ 

^(ans) 



If correct, advance to 5.1; if 
not, continue sequence. 



A B C D 

□□□□ 



A B C D 



A B C D 

□ □□□ 



5.1 



6.1 



(ans) 



Information Panel, "Transfer of 
Energy in Capacitors" 



□□ 

(ans) 



If correct, advance to 9.1; if 
not, continue sequence. 



EKLC 



10 



11 



12 



13 



(ans) 



9.1 



Information Panel, "Effect of 
Capacitor Dielectric" 



10.1 



(ans) 



A B C D 



T F 



□ □□□ □□ 



If first choice was correct, 
advance to P 16; if not, 
continue sequence. 



A B C D 

□ □□□ 

A B C D 

□ □□□ 



. A B C D 

□ □□□ 
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14 



(ans) 



15 



A B C D T F 

□ □□□ □□ 



16 



(ans) 



16.1 



If correct, advance to 18.1; if 
not, continue sequence. 



17 



A B C D 

□ □□□ 



18 



T F 

□ □ 

(ans) 



18.1 



Homework: HR 30-28 
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SEGMENT 2 A 



INFORMATION PANEL Work in an Electric Field 



OBJECTIVE 

To calculate the work done by an external agent in moving a charge over 
a given distance in an electric field. 



One of the principal sources of difficulty for stud^Mits st^irting their 
work in this subject is confusion with respect lo tiici algebraic signs 
given to the various vectors involved in the (.Minations, Wc shall try 
to clarify some of these concepts in this Information Panel, 



Starting with a test charge immersed in a uniform electric field of 

intensity E as shown in Figure 1, we 
can draw on our past studies to state 
that the force exerted by the 
field on the chri.^^e is given by: 



F' 



Figure 1 



F 
-4- 



F' 



Figure 2 



Figure 3 



(1) 



We shall be interested in the work 
required to bring the charge from 
some diotant point toward the source 
of the field; that is, in the work 
done against the field by some 
external agent which exerts a force 
F on the charge in a direction 
opposite that of the field. Referring 
to Figure^2, tiie external force is 
ahown as F, ^having a magnitude equal 
to that of F' but opposite in direc- 
tion. This force has been^made equal 
in magnitude to the force F* because 
we are interested in the work done 
without accelerating the test charge. 
The qualification is that there be no 
change in the kinetic energy of the 
particle during its journey inward. 
Since F is equal and opposite F' , we 
can then write: 



F 



(2) 
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To find the work done on tui.; p.iiLicle, it is necessary to sum up ali no 
elements of work involved in moving through all the elements of displace- 
ment ds as shown in Figure 3, That is: 



W 



F'ds 



Figure 4 



ds 



► 



Figure 5 



hence, 



(3) 



Substituting equation (2) into 
equation (3) gives us: 



-q jh 



ds 



Now, to put this equation into scalar 
form, it is noted (Figure 4) for this 
simple case that the angle 0 between 
the electric intensity vector and the 
displacement vector is 180°, hence: 



E-ds = Lids cosl80° 



(5) 



Refer now to Figure 5, When the system 
is referred to coordinate axes, the 
element of displacement inward (ds) is 
equal in magnitude but opposite in 
direction to the distance element dx 
along the x-axis so that we may say: 



ds = 



-dx 



(6) 



and substituting equation (6) into 
equation (5) : 



E-ds = E(-dx)(-l) 



E-ds = Edx 

so that equation (4) may now be written in scalar form as! 



(7) 



(8) 



W - -q^ I E dx 

This Is the form of the work equation which Is most often used in problems 
In this course* You may now proceed to the core problem which deals with 
the work required to move a given charge from some position x^ to another 
O po8ltl6n against an electric field. 

ERIC ' 
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PROBLEM' 



1. A particular electric field can be described by the following 
equation: 

- 10 c 
E = — 1 

X 

How much work must be performed to move a charge q = +1 coul from 
X 10 m to X = 5 m? 



2. A charge q = >30 coul is moved from point A to C and then to B as 
shown in the diagram* How much work is performed in moving the charge 
if triangle ABC is 3 meters by 4 meters by 5 meters? 



0- = 10coul/m^ 




</= lOcoul/m^ 



3* A charge q = +30 coul is moved from point A to B as shown in the 
diagram of the preceding question. How much work is performed in movin 
the charge if triangle ABC is 3 meters by 4 meters by 5 meters? 



4. Refer to the diagram in question 2 above. How much work must 
be done by an outside agent to move an alpha particle from A to B 
to C and back to A again (a complete loop)? The triangle ABC is 
3 meters by 4 meters by 5 meters. 



5* A charge Q of 10,0 coulombs is located at the origin of an x, y, z 
coordinate system. How much work in joules must be performed to place 
another charge q = +1,00 coulomb at a point located on the positive 



X-axis 9.00 
A. j 



m the origin? 



3, 3,72 X xJ-" 



C- -10,0 X 10 



1 0 



-3,72 X 10^ 



INFORMATION PANEL 



Potential Difference 



OBJECTIVE 

To calculate the potential difference between two points in an elertric 
field- 



If a charge is moved between two points in an electric field, work is 
generally done. Specifically, for the simple electric rield shown in 
Figure 1, a positive test charge moved from point a to point b in some 
random path, the motion will be against a component of the electric 
field — against an outward force — and work will have to be done by some 
outside agency to move the charge. It is one of the most important 
properties of the static field that this work is completely independent 

of the path taken by the test, charge* 
If the charge moves back from b to a 
along the path shown ov any other 
path^ work will be done on it by the 
field. If there is no restraining 
force on the charge, it will accelerate 
and gain kinetic energy; if its energy 
is to be kept constant, a restraining 
force will have to be applied to it 
and work will then be done on the 
agency that supplies this force. This 
work will be identical in magnitude 
with that needed to move it from a 
to b, hence the electric field is a 
conservative field so that the law of 
conservation of energy applies to the 




Figure 1 

movement of charged bodies in such a field. 
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continued 

Since the work required to move a charge between two given puxnts in a 
field of constant intensity is always the same, and since the work varies 
in proporfion > the magnitude of the ci irge moved, we may now define 
a 11"' ! two points in a field in these terms. 

The potential difference V^^ between points a and b 
in a steady electric field ts the ratio of the total 
work done and the magnitude of the charge moved. 

Clearly, this is essentially the same as stating that potential difference 
is work per unit charge. 

Conventionally, is always taken to be a positive test charge of small 
magnitude. 

In the MKS system, work is measured in joule:; (abb. J) and charge is 
measured in coulombs (coul), so that the unit potential difference 
is the joule per coulomb, or the Volt. One v , therefore, is the 
potential difference between points in an elee- ic field such that one 
joule of work must be done to move a charge of ne coulomb between the 
pointLs considered. 

Work done against the electric field by the oxi side agency is considered 
positive while work done by the electric field on the outside agency is 
taken as negative. If there is no difference of potential between the 
two considered points in the field, the work required to move the charge 
between them is zero. 

In general, calculating the potential difference between two points 
requires that the work from a to h f Lrst be determined by 'properly 
applying the relation: 

and then dividing the work thus obtained by the magnitude of the test 
charge q^. Thus, 

Vb - = - /e.cIs 
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The prob.^ems in this section require tiiat you 

•(a) calculate the potential difference between twu points in a 
uniform electric field when the line connecting ti\ese points is not 
parallel to the ^ieid; 

(b) be able to define clearly tlie meaning of potential difference 
and understand the units used to express it. 



6. Tw parallel plates fiach with a surface ch^irge density o = 10 coul/::, 
form a ^egi.on of uniform electric field as shown in the diagram. Calculate 
the poteiiiial difference V.^. - ~ volts. 




(7=10 coul 



7. Write an expression for the electric potential difference between two 
points a and in terms of the work required to move a test charge q^ 
from a to b y (Recall that a test charge is defined as a small 

positive cK^jt^.) 



A. 






= Vab 


= ^ab/% 


B. 




- Va 


H Vab 


= Wab 


C. 




- Va 


H Vab 


= ^o^ab 


D. 




- % 


= Vab 
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8. The work term that appears in the previous question is 

A. positive 

B. negative 

C. zero 

D. any of the above 



9. In the MKS system, the unit of electric potential is the Volt (V) , 
The volt can be expressed as the 

A. J/coul \ 

B. J-coul 

C. coul/J 

D. J^/coul 



10. Two parallel. plates each with a surface charge of a = 10 coul/m^ 
form a region of uniform electric field as shown in the diagram. 
Calculate the potential difference V^g between points A and B in. 
volts. 

(T = 10 coul /m^ 

•f -f + -f 

?B 

3m 

L 



<T= lOcoul/m' 
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i:\TOI^M.\TION ?A.\LL Potential Due to a I'oint Cli,.r-e 



OiJJCCTIVE 

To determine the potential of a point in space inu.ierseci m an ciLe^jLric. 
field due to a point charge. 



Instead of considering the potential difference between two points, it 
is often advantageous to think in terms of the potential V^^ at a given * 
point. The potential at a point is the difference between tiie electric 
potential at that point and some arbitrarily chosen reference zero. Thus, 
the potential at the point is the work done per unit charge during the 
motion from the arbitrary zero reference to the point in question. 

For many situations, the zero reference levr.l for electric potential is 
taken at infinity. Thus, the definition of potential stems directly 
from the expression for potential difference, as follows: 



Potential difference: 




but by taking point a at infinity, this nay be rewritten: 



Potential at point b: 




since is zero by convention. 

Is-ow consider a point charge q enveloped by its oiwn electric 'field. This 
field is radial and tha potential at some position at a distance r from 
the point charge is given by: 

V = q/ATie^r 

In this section, the problems deal with 

(a) evaluation of the potential of a point in a field due to a 
point charge; 

(b) determination of the magnitude of a point charge given the 
potential it produces at a specific distance. 
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11. I'iecalling that the potential difference between vjq points ' aun u 
is given by the expression 

V3 - = - E-ds (1) 
-A 

we can define the electric potential by taking point A to be at infinity, 
so that = 0 



•✓co 



B 

ds (2) 

CO 



Using this definitiim, calculate the potential due to a point charge q 
at a distance r from it. 



A. V = 



B, V = 



1 q 



AttGq r2 



C, V = -y^ — qr 



D, v = ^.r2 



12. I&ich of the following is the conventional definition of the electric 
potential at a point? 

A- The potential difference between that point and a point at 

infinity, the latter taken as the infinite-potential reference 
point. 

The potential difference between th^t point and some arbitrary 
reference pK>iJiirt., the potential at the reference point taken to 
have an inf iiaiuiy value, 

C. T%p poten±is[i difference between tha.t point and a point at 
infinity, tfiwe latter raken as the zsro-potential reference 
point, 

D. The potenti^*! difference betweesfc. that point and the origin of 
a coordinatie system, that origin taken as the zero-potential 
reference ^po^at.. 



10 



13. What is the electric potential at a distance of 5.0 x io~^ m from 
a point charge 3q^? (Recall that = -1.6 x 10"^^ coul.) 



A. 


8 


.6 


X 


10- 


^° volts 


B. 


9 


.6 


X 


10- 


volts 


C. 


8 


.6 


X 


10- 


^ volts 


D. 


1 


.1 


X 


10- 


volts 



14. V/hat is the value of an isolated positive point charge producing a 
potential of 1.0 x 10^ volts at a distance of 1.0 meter? 

A. 1.1 X 10~^ coul 

B. 1.1 X lO*"^^ coul 

C. 9.0 X 10-^ coul 

D. 471 X 10"" 3 coul 



iisifori-l\tioa panel 



Potential Due to Combination of Charges 



OBJECTIVE 

To calculate the potential at a point located between or outside cf r.wo 
or more point charges. 



The potential at a po±nt, or the potential difference bet2ween two points, 
is defined in terms of work per unit charge. Since work and charge are 
both scalar quantities, it foJZlows that potential is a scalar quantity 
as well. 



next page 
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continu^.d 

The potential at a point ia space due to the proxiriity of two or more 
point eh^irges in, therefore, merely the algebraic sum of the potentials 
produced by eaLih individual poip.C cha'rge. The value of each individual 
potential i * calculated without referring to the other charges that may 
be present at the same time, 

A second consequence -of the scalar nature of potential is that tlie rule 
for algebraic addition is valid for configurations of charges whether or 
not they and the point in question lie along the same straight line. It 
is important to remember, however, that attention must be given to the 
algebraic sign of each potential thus computed. 

Since the potential due to a single point charge is: 
V 

Air^Qr 

Then the addition process would be written as follows: 

^1 ^2 
V = — + — +. , . 

ATTEiQrj A7TeQr2 

which reduces to: 

v=-L_(il + i+...\ 

The charges indicated by q^, q2> etc., may be either (+) or (~) . Clearly, 
this makes it possible for the quantity inside the parentliesis to equal 
zero for the ^^roper combination of charge values and distances. As a 
result, the net potential at the point would then become zero. To find the 
point or points where such a potential null exists, it is necessary only to 
set the parenthetical quantity equal to zero and solve for the distance. 

The problems in this section involve the 

(a) determination of the position of two points on a line joining 
two given charges where the potential V = 0; 

(b) determination of the potential at a point on a line joining 
two charges, given the magnitudes of the charges and the required 
separation distances; 
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continued 

(c) calculation of the potential of a point on tlic y-axis, given 
the magnitudes of two cliargos and their separation distances on tiie 
X-axis > 

(d) selection of the proper equation for findinp, ihe potential at 
a point that is randomly placed with respect to an electric aipole, 

(e) selection of the proper equation for finding the potential at 
a point that is randomly placed with respect to throe individual point 
charges, 

(f) selection of the proper equation for finding the potential at a 
point lying outside, but on the same line as, an electric quadrupole* 



15 • Two 


charges of magnitude q 


and -3q are 


separated by a distance of 2 m. 


Find the 


two points on the line 


joining the 


tv;o charges where the potential 


V = 0. 












1 


d 


I 

— ►( 




1 

1 




— <j — 




+ q 




-3q 


A. 


1 m left of +q, 0.5 ni 


right of +q 




ii • 


0.5 m left of +q, 1 m 


right of +q 






0. 5 m right of +q 








1 m left of +q 
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16. Two charges = 1.0 x 10""^ coul and q2 = ^2.0 x 10~^ coul are separate 
by a distance of 5 cm. What is the electric potential in volts at point P 
shown in the diagram below. 



5 cm 



«l2 





10 cm 



P 



17. Two charges = 1.0 x 10""^ coul and q2 = ~2.0 >' 10""^ coul are 12 cm 
apart. Find the electric potential in volts due to the system of charges 
at point P shown below. 



f 



8 cm 



12 



«l2 

— •- 

1 



cm 
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IcS. Two equal charges q, of opposite sign, are separated by a very short 
distance 2a. This system of charges is called a dipole. What is the 
potential at a point P at distances rj and r; from the positive and the 
negative charges, respectively? 




19. What is the potential at a point P due to three point charges 
q^, q^, and q^? The distances between the cnarges and P are r^, r2, 
and r^, respectively. 

1 ^2 ^3 \ 



SEGMENT 24 



20. A system of charges, consisting of two electric dipoles are so 
arranged that they almost, but not quite, cancel each other in their 
electric effects at distant points. This system of charges is called 
an ^'electric quadrupole.'* 

Calculate the potential at a 
I point P on the axis of the 

0 quadrupole. 



"I t+p 

• + q 





2a2 




r(r2 - a2) 


q 


2a2 




r2 


q 


2(2r2 - a2) 




4(r2 - a2) 


q 






((r - a)2 + 
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CORRECT ANSWER: 3.4 x 10^^ volts 

The potential difference between points A and B is defined to be the work 
required to move a test charge from A to B divided by q^. Thus, 

VaB = - Va = W;^B/qo (1) 
Work done can be found from 
dW = F-ds 

where F is the force applied to move the charge from A to B, Therefore, 
dW = F ds cose 
= QqE COS0 ds 
Integrating, we obtain 

^AB " ^o^ ^1 

where 

Si = 3 m 



E =^ 
^o 

and 

COS0 = 0,8 
Therefore, 

VaB = Vb - V;^ = W;^B/qo = E cose (2) 
Substituting the numerical values, we obtain 



Note that the potential differen. is independent of the test chc'^^ge 
q^. In fact, the pot 
unit positive charge, 



q^. In fact, the potential difference is equal to work done on 



TRUE OR FALSE? The magnitude of q must be unity to obtain this answer. 
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[a] CORRECT ANSWER: A 

We simply write down the potential due co each charge and then add them 
up to obtain 

A7T£^ Ir-a r r + aJ 

2a2 ^ q 2a2 



ATCq (r - a)r(r + a) 47T£q r(r2 - a2) 
If P is far away; i.e., r » a, this potential becomes 



V = -7 



1 2a^q 



47T£q r3 



which may be written as 



V = 



47T£Qr2 



where Q e 2a^q. Q is known as the quadrupole moment. 



TRUE OR FALSE? The quadrupole moment and the moment of an electric 
dipole are evaluated by exactly the same expressions. 



[b] CORRECT ANSWER: C 

The potential due to a point charge is given by the expression 

r n 3q,dr 3q 

V = - I E*ds = - Edr = - I , « -—^ 

4o 4o ^Tr£Qr2 47r£^r 

Substituting the giver n^tnericfil values 

■ V = ' - ' = 8.6 X 10-5 ^ 

5.0 X 10"^ 



IS 
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CORRh \ A 

The ield intensity due to a point charge q at a distance r 

from * • 1 is 



Noting :e path ds is in opposite direction to botii dr and 

we obi 

= E dr 



Thus, 

-r^E-ds = -r E dr = - --3 — I -i^ dr 
Jco Jco ^^^oJo3^^ 

TRUE ^R; l? The expression V = -j^ — - is cimensionally incorrect, 



CORRF.r I R: ^ -1200 

In g' can write the potential at any point due to two charges 

1 /^i ^' 



Attcq y X2 / 

where x^ and X2 are the distances of q^ and ^^^^ point under 
consideration. 

Substituting numerical values, we get 

V = 9 X 10^ f^TlF^ - ^-^4^) = -1200 volts 



AiNSWER: Zero 



jiate the problem -.nto three steps by ing each side of the 
riv gle ABC separately. Therefore, 

WaBCA ^A3 + ^^BC ^CA 
~ A £ prior problem we f.aund that 

^AB = 
Therefore, 

^AB = -%C 

Al., :, we found that W^^ - 0. Using this information in equation (1), 
we ind that 

^'abca = 0 

is an important fine ing because it shows us that electrical forces 
aire -t^onservative forces. In other words, work done by a conservative 
^or- along a closed path is zero. Another example of a conservative 
dcorrre Is the gravitational force. 



cCO.aRECT ANSWER: A 

The expression for the potential due to a point charge at distance 
- ^s 



V = 

Thiii , 

q = 



ATTe^r 



Aire^r V 



10^ . . . 



X 10"^ coul 



9 X 109 " 

I'mi iR T:. -E? The fractifiln e ■ • '^^^^ measured in volts. 



[a] CORRECT .V Ol: 



The potent, il 



to this two-charge systEi: 



IS 



'.V 




If we consi: -r 



mts wher:e r >> 2a, so t 



r 



2a cos- 



and 



r . r 



then zne li: 



1 li reduces to 



2a cosO 

r2 At::. 




where p = .l^ . is called the dipo^e momer^t. 



[b] CORRECT R: A 

Let us rec^nl : rhe definition of electric potential dif f-^rrenc^ 

qo 

The units lii >-'arlc and charge are the joule (J) and the coulorafo (coul), 
respectiveiiy. Tnus 

1 Vol : = 1 J/coul 



[c] CORRECT MSSE^: A 

The electric p^^orential diff erEin,c:-e between two points is defined as the 

work requixfiL'^i:. per unit charge ii& moving a charge from one poinr to the 

other (w-ji^ihiid^ ichanging tiie kioptic enrr:?:^^ of the charge) . I'^se reason 

a test ( :i:ss:ll positive) csaarge was facroi^ghi. into the question is that we 
do^^ ' cb/a imLtroduction of the ifea^^'f* which we use to measure the 
poi as-dal d±tf.4BT^ce to thasa^ ^tHv.*^nt significantly. 
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[a] CORRECT AiN'SVER: 3.4 x 10^^ 

The potential difference becween points B and A is It ..lad as work 
required to move a test charge from A to point h : _ded by the 
rest charge qo. Thus, 

War 

Vab = Vb - = ^ (1) 

The work done to bring charge qQ from point A c. is 
"aB = 

where F, the force exerted by the external agen : . s iiqual to -o^^ and S 
is the displacement. However, 

^o 

for the region between parallel plates. Therefcra;, 
WaB = -^oE-S 

= -qoE(-S) 
WaB = qoES 

~ Go ^ (2) 
Substituaiing equation (2) in equation (1) we finr 

qooS 



ERIC 



\b = Vb - V;, = 



0^0 



£S 



= 3.4 X 10^^ volts 



where S = 3 m. 



Note that t>e potential difference is independent of the test charge q . 
In fact, the potential difference is equal to work doTie on a unit positive 
charge. 

TRUE OR FALSE? Potential difference may be measuaped in wxxrk units. 



cos_-.i:cT a:>swePv: 6.9 j 

We can imagine the fo-..y»^ing i=j.raar.ion: 

I 



i F 
< 

1 <- 



10^ 



We would like to calculate the work done by the ezr^^rnal agent ir. mnvi 
a charge q from s = 10 m to 5 m. The work done 7& expressed as 



W 



ds 



where F is the force the extearnal agent must^apply to keep the charge c 
from acceleratiiig and is exacdLy equal to -qE. 



Thus, work done may be expressed as 
W = ^r*ds = -qj*~*ds 

Sia-CB 

ds = ~dx 

we have 

E-ds = Eds cCT^iaO^ - iE(-dx)(-l) 
« Edx 

Hbcas, the integral becomes 



w - -q p : 



E dx = - 



10' 



10^ >n { j^l = lOq Iirx 2 



and the work done is 



W = 6.9 jotile 

TRUE OR FALSE? In this solutxon, the velocity tai xhe chaxrge q i^- constant. 



?' -ist/ing cf the charge route to point E -*ould be a big -lelp in the 
ion ci this probi:- 




In order to calculate vTcirk, one must very carefully outline the force 
perxorminig. the work. In ether words, in this problem the field applies 
a fcnrcce to the charge q in the downward direction • The agenit doing the 
work appliftss a lorc^ up to move tiLe charge frozn A to B. Draw a diagram 
incluiding Cfiese twc^ lorres and the displacsmenlt vector. 

Wonk done ran be oand fxom 

dW = ?-di 

W7fer^ ? is ttiie irorce appliesd to mcOT-e the charge from A to B. In any 

iiiissrssiice, iF] — 3q , oer^ore, 

d^T = -d:S| ros'6 

St = Eq cost? ... 
S = 5 m 

and 

" = ^ 

JubsiiLtutlng the iaaxown values results in 



O&F^ 10^)(10)(30)(.6)(5) « 1.0 X 10^^ j 



2i 



Si;CMEXT 



[a] COaRECT .\-N'SWER: A 



i 



q 

-o- 



The oriencation of :-::.e various vectors iTivolved in this problen aiv^ ^hown 
above. F is the force the external agent uiiisc ^pply cc Ke^^p nhe charg;.Li q 
from acceieratLiBg r; nd is ^^ciy eqaal to -qE. ::otice t.r.iac f anid ds are 

iit tiuH saniiS direct )n; however, ds end dx ane in oppose C:e cirec tiOuis. 

Thertsf^re, ds = — . ^^e wish to calculate the work ' nired to zhqa/b the 
+1 coulomb charge f;..i^f infindty to the point on the x-r..xis 9 cm from the 
origin, rherefo:re. 



and 



-I 



ii.-ds 



0.09 rCLD9_ 

r -as — ^"C I E*ds 



E dE coslSO*" = Z dx 



EKLC 



-E = 



Subsrituting , we obtain 



-qq dy 



Lat^a'atiLOn of cdiis Germ Issois tc. 



J- -*'X^= CO 



Substituting the qtaantiitrfts given in this problem 3jrielcis 

^ ^ +i.OG X ljDl2 joules 

The plus sign is important since it indicates that tive outside f orc:e has 
to do work on the system of charges. 

ikiUE OR FALSE? In diis solution, the angle between dx and ds is 180*". 
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[a] CORRECT AIISWER: 1 y 10^"^ j 



The total work in going from A to 3 tc- C can best be calculated in parts. 
For example, 



%C2 = ^-AC ^ ^'CB 



The electric field exerts a force qE om the charge as shown. To keep the 
charge from accelerating an external agent mus: apply a force F chosen to 
be exactly -q£ for all positions on the charge. The magnitude of the 
electric field for parallel plates is 



E =^ 



Therefore, 

%C = 

qE X Si 



= 0 



cos90*^ 



A»- 



Since 

f = -ql 
The work W^r^ is 

= qE X $2 ^ cosC 



wheare 



= 3. >K 10^'^ j 



So 3 m 



VqE 



[a] CORRZCT A.\'SWER: A 



Firsn let us assume that the point P where V = 0 is at the left of +q. 
Then we have 



grvmg 



£ - 3q = 0 

X X + 2 



X = 1 m 



(1) 



Considering now the possibility that P will lie to the right of +q, 
we obtain 



£ _ 3q 
X 2 - X 



= 0 



(2) 



yielding 

X = 0.5 m 

Thus we find that there are two points where V = 0, one at 1 m to the left 
of +q, and the other at 0.5 m to the right of +q, 

A more formal, but also more complex, way of solving this problem follows. 
You may skip it if you so desire. 

If X is the position of the sought point(s) with respect to charge +q, the 
position of that (those) point(s) with respect to the -3q charge will be 
X - d. Thus, the potential there is 



Ixf |x - d| 



= 0 



or 



X - d 



Squaring and cross-multiplying, we obtain 



+ d^ - 2xd = 9x^ 



or 



8x2 + 2xd - d2 = 0 
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continued 
Thus, 

X = - 

or 

= d/4 = 0,5 m (to the right of +q) 
= -d/2 = -1 m (to the left of +q) 

TRUE OR FALSE? In equation (1), x is the distance of q from the point 
where V = 0. 



CORRECT ANSWER: -900 

The expression for the potential due to the two charges is 




where 

r^ = r^ = /82 + 62 = 10 cm = 0.1 m 
Substituting the numerical values, we obtain 

V = 9 X 10^ ('-^4^ - ^^4^) = -900 vol 



CORRECT ANSWER: D 

The work required to move a positive charge from a to b may be positive 
negative or zero. Its sign depends on whether the electric potential a 
b is respectively higher than, lower than, or equal to tin- potential at 
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[a] CORRECT .\:;sv;ER: C 

The potential at P is sum of the potentials due to each of the charges. 
Therefore, 



[b] CORRECT i\NSWER: C 

We are free to assign any value to the potential at a point and then 
measure the potential at other points in terms of that assigned value- 
The choice of the reference value as well as the reference point, however, 
should be a convenient one. The reference value is chosen to be zero for 
simplicity. The reference point is taken at infinity since the electric 
field due to a point charge is also zero there. This, of course, is not 
general. Quite often the Earth is taken as the zero-potential reference; 
hence, the term "ground". 
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INFORMATION PANEL 
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Potential Gradient 



OBJECTIVE 

To solve problems involving the relationship between electric intensity 
and electric potential in various field configurations. 



An electric field can be mapped by means of a network of lines of force 
or by a series of equipotential surfaces. For example, the electric 

field around a point charge is radial 
outward from the point if the latter 
is positive as in the diagram, and 
the equipotential surfaces are con- 
centric spheres with the charge at 
the common center. Imagine that 
the equipotenl ials in this example 
have been drawn with the electrical 
spacing between them equal to some 
constant potential difference AV, 
Suppose further that we let As rep- 
resent the perpendicular distance 
between any two equipotentials. 
The potential difference between 
any two equipotentials , as pre- 
viously defined, is merely the work per unit charge to move the test 
charge from one to the otherjOr; 

V = w/q = FAs (1) 

Also, the electric intensity at any point in the field is: 

E = F/q (2) 

or force per unit charge. Solving both these expressions for q and equa- 
ting enables us to write; 

AV « EAs or As = AV/E (3) 

The last expression indicates that as the electric intensity E is made 
larger, the smaller becomes the perpendicular distance As between the 
equipotentials. Thus one can visualize a strong electric field as one 
in which the equipotentials are very closely spaced and a weak field 
as one in which the equipotentials are more widely separated. 
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continued 

Equation (3) may be rewritten as: 

E = AV/As (4) 

This may be interpreted verbally as follows: As we move through an elec- 
tric field along a line of fovoe^ the rate of change of potential with 
distance traveled is etjw/il to the magnitude of the electric field in that 
direction. In addition, since the direction of E (outward from the point 
charge in our example) is that of decreasing potential, a negative sign 
precedes the right member: 

E = -AV/As (5) 
and, in the differential limit, we can say that: 

Eg - -dV/ds 

As shown by this expression, an alternative' unit for electric intensity 
is the volt per meter; thus: 

1 ^Q^^ _ newton 
mete:r coulomb 

In summary: 

Electric lines are perpendicular to equipotential 
surfaces. 

The direction of ths electric intensity vector is 
from higher to lowev potential. 

The magnitude of the electric intensity is the space 
rate of change of potential along an electric line 
of force. 

Extensive use is made of i:] ,ise concepts in the solutions of the problems 
in the section that follovs. 
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1. At a point P the electric potential due to a dipole located at the 
origin of an xy-plane system is given by 



V = 



p cos6 



Attc^ r? 



where p = 2 aq and r^ = + y^ and 6 is measured from +y axis. 



What is the y component of the electric field Ey at P? 



x^ - 2v^ 



47Teo((x2 + y2)3/2^ 



E„ = - 



P 1 - 2y^ I 

4Tre:o|(x2 + y2)5/2j 



E., = - 



[(x2 + y2)3/2 



47Teo[(x2 + y2)3/2 




Eg is a component of tlje electric field intensity at a point 



on a 



•3 " J — ~ — V 

differential path element ds in the direction of. the path. Eg may be 
found from the potential V from the relationship 



A. 


Es 


= dV/ds 


B. 


Es 


= -dV/ds 


C. 


Es 


= (l/4iTEo) dV/ds 



D. Es = (-I/AttEo) dV/ds 
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3, The potential diffei;;ence between points A and B can be calculated 
from the electric field E by the line integral 




The value of this integral for an electric field depends 
A« upon the choice of reference point 

only upon the length of the path of integration 
C. upon the integration path 
E only upon the end points 



4. The electric potential V at a point P (x,0) on the x-axis due to a 
charge q at the origin is 

V = ^ £ 
AttCq X 

If X = 2 m and q = 2 x 10""^ coul, find the magnitude of electric field E^ 
at point P, 



5, The electric potential V at a point P (x,y) due to a charge, q at the 
origin of the coordinate system is 



If X = 3 m, y = 4 m and q = 5 X 10"^ coul, find the m.qgnitude of the 
y-component of the electric field E at the point P (3 m, 4 m). 
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INFOR>L\IION PANEL 



Potential Due to Distributed Charges 



OBJECTIVE 

To solve a group of problems in which potential or potential difference 
IS to be determined for various distributions of charge. 



Problems 'i through L3 are varied in nature and requirements, but they have 
m common ciae objective of. determining potentials due to charges distri- 
buted in difterent wsys. 

To assist vuu in these solutions, we have listed a group of equations 
with whicn you have already had some contact. Although this list is 
neither cocra^ete, nor is it without some overlap, it should provide a 
basis far operations in this section. To avoid undesirable cueing, 
the orde- listing is not necessarily that of sequential development. 



xiatial due to a point 



-ntial due to any type 
i ."ontinuous charge: 

.'otential due to a dipole: 



V = 



47reo r 



= ^ P cos9 



(P = 2aq) 



rotential difference be- 
rween two points in line 
with an isolated point 
charge: 

Relation of potential dif- 
ference and electric inten- 
sity: 

Electric intensity between 
oppositely charged paral- 
lel conducting plates: 



Vb - Va = 



E =£- 



i_\ 

AttEq \ rg r^/ 

-I' I. 

^ A 



E-dl 
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6. Two concentric, conducting spherical shells have radii r and R, re- 
spectively (R > r). The respective chargt- in the shells are +q and -q. 
What is the potential difference between z±e cwo spheres? 



^- ^r - \= 4t-(i-7) 

o 



c. - = 0 



V _ V = ^ ^ 



7. Two oppositely charged, parallel plates each of area A are separated 
by distance d. If charges are +q and -q, find the potential difference 
^ab ^^^'^^^^ the two plates. (Neglect edge effect.)- 



A. 
B. 



E^qA 



Ae, 



2EoA 



D. 



5d_ 

EqA 



+q 



+ + + + + + 



-q 
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8. The diagram below shows an electric potential plotted as a function 
of distance. Which of the following objects could produce such a poten- 
tial? 




A, A uniformly charged, non-conducting sphere 

B, A uniformly cha:nged conducting spherical shell 

C, An infinitely long charged conducting wire 

D, A charged conducting cylindrical shell 



9, Calculate the potential difference between two coaxial cylinders of 
radii £ and b^ (b > a) and length L. The cylinders carry charges of +q 
and -q respectively, 

^ q(b - a) 



B. 



AttEq (b - a) 



Atte 

o 



D. V = —9— £n ^ 
2Tre_L a 
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10. The potential at a poinL a distance r from zne center of a non-con- 
jucting sphere of radius R, charged uniformly wim a total charge Q, is 
{proportional to 

A. r- fc- r < 1/r for r > R 

B. . I/r- for r R; 1/r for r > R 

C. r for r R: 1/r^ for r > R 

D. constan: . or r < R; 1/r for r > R 



EKLC 



11. Derive an expr. .:ision for the electric potential at a point P on the 
perpendicular biseccor of a line charge of length L and total charge q, 
P is a distance x from the line. 



2 





y 


X 


P 


L 
2 

1 


^ w 



A- 



B- 



V = 



V = 



V = 



V = 



q 



4TTe 



L/2 

L/2 
L/2 



dx 



/x2 + y2 
dx 



AirenL 8 x2 + y2 

'-L/2 



L/2 



4Tre„L ^ x2 + v2 

° L/2 ^ 



L/2 



^^^oLJ,_l,2 /x2 + y2 
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12. A circular metal ring has a radius a. ^nd total charge q uniformly 
distributed ever the ring. \^->at is the e -ctric potential at a point 
on the axis an distance y from the rlane : thxt ring? 

A, V = ' 



B, V = 



AttCq (y- 4- a2) i/2 



J. q 

^ ' Atteo (y- + a2)3/2 



^= (y2 4.a2)l/2 



13. Calculate the electric potential at point P at a distance R on the 
axis of a uniformly chiarged circular disk of radius £ whose surface 
charge density is a. 



^^^o /a2 4- R2 



B. V = (/a2 4- R2 - R) 



a 

C. V = 



V = 



2eo /a2 4- R2 

a 

2eo(a2 4- R2) 



iO 
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INFORMATION VMiKL Applications of the Concept of KlecLric 

PotentiiiL ~"norc:v 



OBJECnVC 

To study the potential energy of various charge distributions; to solve 
problems involving both mechanical and electrical energy. 



Since electric forces are conservative, it is possible to base the calcu- 
lation of the electric potential energy of a given charge configuration 
on the work required to assemble the charges in forming the configuration- 
In the simplest case, a point chiarge (positive) brouglir from Infinity into 
the neighborhood of another similar pfusitive point ciaazrs^e, we can at once 

start the dxis.cussion by giving 
the electrix: Tisttential V at point 

f _ ^ P " separated frou an isolated 

q charge by a distance r as In 

' Figure 1. The potential at P 

is 

Figiire 1 . q 

V = L 

^^^O ^ (1) 

Now consider a second charge q^ initially located ar imfijsiiry and brought 
to point P where it coiaes to rest. The agrency that moves q.. must do posi- 
tive work in the proc&ss of moving it to ^oint P since both' charges are 
positive. From the deifinition of electric potential 

V = W/q (2) 
the work done on q^ by the external agency is: 

W = Vq^ (3) 

Combining equations (1.) and (3) : 



AttEq r (A) 
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continued 



and since this is a conservative action, the work W is precisely the same 
as the energy stored in the configuration. Hence, the electric potential 
energy is: 



1 ^1 

u = — ^ ( 

To extend this concept to configurations consisting of three or more 
ch£?rges, it is necessary to calculate the work done in assembling 
each charge separately. The total worlc done is then tiie algebvaic 
sum of the individual works since energy is a scalar quantity. Thus,' 
the total potential energy of the configuration is the sum of the 
individual energies of the particles. 



For example, to assemble the configuration shown in Figure 2, we first 

picture in position with all 




Figure 2 



the other point charges at infin- 
ity. We then calculate the work 
needed to brin^ q^, into position 
where the distance separating 
the charges is r|2- Next, we 
find the work required to brin^ 
q3 into the position where it 



is separated from q^ by r^^ and 
from q9 by r2'^. Finally, we 
compute the work needed to bring 
q^ into position against the 
forces produced by the three 
charges already there. 



All of these are then added algebraically: 



The relationship given in equation (5) is used to evaluate each of these. 



The problems in this section involve 



(a) determining the electric potential energy in specific charge 
configurations; 

(b) combining the mechanical energy of moving charges at a specific 
point with the electrical potential energy at the same point to determine 
escape velocity or the point of reversal of the motion of one of the char- 
gots. 
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14. A proton (mass = 1.67 x lo 27 charge = J .6 x lO''" rou') 

with an initial velocity v = 2.00 x 10? m/sec is directed towards a fixed 
charge 0 = 1.00 x lO"'. coul a distance r = 1.00 r. from the initial position 
of the proton. Find the distance of closest approach for the proton to the 
fixed charge Q. 



15. What is the electric potential energy of the following charge con- 
figuration? 




A. U = q^/ATiEoa 

B. U = 3 q2/47;f:oa 

C. U = 0 • 

D. U = q^/lvz^a 



16. Calculate the work required to assemble the four charges shown in 
the following diagram, starting with the charges at infinity. 




-.21 Q^/e^d 



A. Q2/Eod 
B. 

C. 0 

D. -Q2/£od 
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17. Thr-e positive charges each of magnitude q = 3,0 >^ 10~ coul are 
situated at three corners of a square of side a = 2,7 m as she™ in the 
diagram. What is the work required to bring a charge Q = 4 < 10"^^ coul 
to the fourth corner P of the square from infinity? 




a=2-7m 



18, Consider^a system of a fixed proton (m = 1,64 x 10"^^ kg and 
qp = 1.6 X 10 1^ coul) and an electron (m^ £ 9,10 x 10"^^ kg and 
^e ^ "l-^ ^ 10"-^^ coul) separated by a distance r = 5,0 m. Find the m 
mum speed of the electron at that point where it will just escape from 
the attraction of the proton, (Neglect the gravitational effects,) 



1^^ 



si;(;>;i;,\'i' 



CORill'XT ANSWER: h 



The relation between tie field intensity and potential is given by 



V . - / E.ds or h--^ (1) 



We note from the illustration 

V = constant for r < R 

and 



V - |r = 7 for r > R 



We can obtain E from equations (1) 
E = 0 r < R 

and 

1 

E — r > R 

These field relations are true for a charged conducting sphere. In a 
conductor, the excess charge distributes itself on the surface of the 
conductor. A charged conducting sphere, therefore, will consist of a 
neutral body with all the charge distributed on the surface; hence 
will be the same as a charged spherical shell. 



CORRECT ANSWER: E^ = 4.5 x 10^ nt/coul 

The electric field in the x-direction is given by the equation 
dx 

Differentiation of the given potential with respect to x yields 

E =--J^-a. 

X AttGq x2 

Substitution of the numerical data results in 
E^ = 4o5 X 10^ nt/coul 
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COI^ECT ANSWER: B 

The work required to assemble a charge configuration is equal to the po- 
tential energy of the configuration. In computing the potential energy 
we must take every possible pair into account. The potential energy be- 
tween neighboring charges is (for each pair) 

u = - J—Qi 

and there are four such pairs. 

The potential energy for each pair across the diagonal is 

and there are two such pairs. " Thus, 

' ' ^ttEq \ d /2 d / 
= -.21 QVe d 



CORRECT ANSWER: D 

Since the electric field is constant between the charged parallel plates, 
the potential difference is given by the expression 



'ab 

Therefore 



V.K = Vb - = - j* E-ds = Ed 



^o (1) 

However,, the total charge q = aA. Substituting the value of a into (1) 
yields 
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CORRECT AiNSWER: B 

Let us write down the potential at P due to a segment of the rinj 



dV = -1 ^ = ^ A ds 




_ 1 _g ds_ 

A^Gq 2na (y2 + a^f^ 



The total contribution to the potential due to the ring is obtained by 
integrating over the entire ring 



V = 9_ C""^ ds _ 1 _cj 1 f 

AttEq 2TrajQ (a2 + y2)l/2 AttEq 2TTa (y2 + a?) 1/2 J 



2Tra 



ds 



Aire (y2 + a2)l/2 



CORRECT ANSWER: 1.44 x iQ^ nt/coul 

The electric field in the y-direction is given by 



Therefore 

E. 



3V 

3y 



= ■ ( 



4Tre^ (x2 + y2) 1/2 



4Treo(x2 + y2)3/2 
1.44 X io3 nt/coul 



TRUE OR FALSE? The electric potential at point P (3 m, 4 m) varies directly 
as the charge magnitude at the origin of the coordinate system. 
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[a] CORRECT AXSWER: B 

It is evident from the diagram that 

r- = X-' + v'^ and cosG = ^ 



r ~ (x^ + y2)T77 
Thus, tiie potential becomes 

V = -E y 

The y-component of the field is obtained by 

V - ^ = - P [ +1 3 2v^ 1 
~ hy 4Tieol(x2 + y2)-^ - 2 (x-' + y2)5/-i 

= _ -E— + - 3 f |_ _ P f x2 - 2y2 I 
4TTeol(x2 + y2)V2 J- 4^eo|(x2 + y2)b/2l 

TRUE OR FALSE? For this problem, p2 = 2 aq. 



[b] CORRECT ANSWER: 10 m/sec 

The excape speed is the speed which makes the total energy of a particle 
zero at that point. Therefore, 



2 *^ 4-e„r 



= 0 



where v = escape speed, or 



V = 



2qp qe 



/2 



(1) 



2 ■< 1.6 X 10~^^ X 1.6 X 10-19 X 9 X io9 
5 X 9.1 X 10-31 



1/2 



= 10 m/sec 



Note that the negative sign in equation (1) when multiplied by the nega- 
tive sigxi of the electron charge yields a positive number. 



TRUE OR FALSE? At the instant when a charged particle achieves escape 
speed, enabling it to move out to infinity, its potential energy is zero. 



18 



[a] CORRECT AIn-'SWER: A 

We may use Gauss's law to determine the dependence of E on the distance r 

from the center of the sphere. For r > R the situation is the sar^e as ii 

all of the charge were concentrated at the. center. Thus, 




or 



E = q/4Tre^r^ (2) 

i>7l-iere q is the charge inside the Gaussian surface. Since the charge is 
uniformly distributed we have (p is the charge density) 

q=A.r3p=A,r3-^^^=Q|i (3) 
Thus, substituting (3) into (2) 



E - ^ for r < R (4) 

We can use the relationship 

E.ds (5) 



■ ■ ■/: 



to determine V. For r > R, however, we know that 

V = 4^f^ r > (6) 

To find an expression for V inside the sphere (r < R) we use Equation (4) 
and (5). Thus, 



next page 
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continued 



V(at r) - V(at R) - - 




E-ds 

R 



0 




(r- - R^) 



Finally, usinj; the fact that V(at R) = Q/Attc^R we obtain 




3Q Qr^ 



BttCqR " SttCqRB 



TRUE OR FALSE'? For r < R, we can consider that all of the charge Q is 
located at the geometric center of the sphere. 



[a] CORRECT ANSV7E?v: 1.1 >- iO^ j 

The work required to bring the charge 0 to point P is' given by W = VO, 
where V is the electric potential at the point P. An electric potential 
at a distance r from a given point q is given by 




a 




Therefore 





or 




a 



and 







= 1.1 X 105 j 
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[a] CORRECT ANSWER: B 

The relation between the potential V and the field E is given by 



V - - J^-ds 



Thus, their relation in a differential form becomes 
^ ds 

The subscript s simply denotes that Eg is the electric field intensity 
in the direction of the vector s. 

The general relationship between E and V, in rectangular 
coordinates, is 

E = - VV = -{ — i + — j + — k ) 



[b] CORRECT ANSWER: D 

The electric field in the region between the two cylinders cnii be obtained 
by the application of Gauss's law (the Gaussian surface will be a cylin- 
drical surface between the two charged cylinders), 

j E-dS = q 

For the cylindrical Gaussian surface of radius r, the surface area is 
27rrL, From this E is equal to 

E = a_ 

ZTTCQLr 

Now using the definition of potential to calculate the potential differ- 
ence between the two cylinders, we obtain 

t q dr q b 

TRUE OR FALSE? In the above solution, the electric potential was 
obtained by differentiating the expression for electric field intensity. 
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CORRECT ANSWER: 30.1 cm 

As the proton approaches the positive charge Q it is decelerated until 
its velocity is zero. It will then turn back due to the repulsive force. 
The distance of closest approach is, therefore, achieved when the kinetic 
energy of the proton is zero. Therefore, usin^> the conservation of energy 
principle we find 

— m v"^ + — = — — 

2 l,:rcor ATir.^R (]) 

where R is the distance of closest approach. Substituting numerical val- 
ues in each term in the left hand side of equation (1) yields 

and 

qQ 1.6 X 10"! 9 X 1 X I Q-^ X 9 X 10^ 
4^^F^ - I = 1.44 X 10-13 j 

Therefore 

^= (3.34 -H 1.44) X 10-13 j 

= 4.78 X 10-13 j 
Solving for R we obtain 

R = qQ 

47TeQ X 4.78 X 10-13 



or 



R = 



1.6 X IQ-^^ X 1 X lO""^ X 9 X 10^ 



4.78 X 10-13 



m 



R = 30.1 cm 



TRUE OR FALSE? In this solution, the quantity 1/2 mv^ is the kinetic energy 
of the proton at the point of closest approach to Q. 
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[aj CORRECT ANSWER: B 

The potential on the smaller shell is produced in part by the charge '^n it 
and in part by the charge on the outer shell. The contribution of the 
latter is 



ATTCn R 



since the potential inside a shell due to its own charge is tiie saint- . s 
that on the shell itself. Thus, the total potential on the smaller she] 1 



^r = 



On the other hand, the potential of the outer shell is caused in pari by 

its own charge, i.e., and in part by the charge on the smaller shell, 

Hire^R 

i.e., _3 — . Therefore the total potential of the outer shell is V =0 
AttCqR r 



Thus, 



TRUE OF FALSE? As R is increased, q and r remaining unchanged, V de- 
creases. 



[b] CORRECT ANSWER: D 

The relation between work W^g and the potential difference is 



W 

-M = Vr - = -I E-d£ 



To define the electric potential difference uniquely, and Vg - V. 
must be independent of the path and depend on the end-points only. 
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[a] CORRECT ANSWER: D 



The electric potential at a point due to a collection of charges is found 
by calculating the contribution of each charge to the potential and then 
summing up the contributions; i.e., 



^i 



^^-o ^i 



(I) 



where ri is the distance of charge q^^ from the point iii question. In the 

case of a continuous charge distribution we consider the contributions of 

infinitesimal charge elements dq^. The summation in (1) becomes an inte- 
gration 



dV = 



dq 



AttCq r 



(2) 



In the present problem the line charge is along the y-axis, so we uay 
write 



dq = A dy = (q/L) dy 
Also the distance of dq from the field point P is 



r = vx^ + y- 

Thus, the integral in (2) becomes 

L/2 

V 



(3) 



(4) 



fdv = f ^ ^ -i q 

J J ^^^o L/x2 + 



(5) 

The constant factor, q/Une^L may be taken outside the integral. 
From integral tables we find that 



dy 



= £n (x + /x^ + y^) 



/x2 + y2 

Using this in (5) above we find 



(6) 



L/2 
-L/2 



Attc L 
o 



In 



L/2 + /(L/2)2 + x2 



-L/2 + /(L/2)2 + x2_ 
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[a] CORRECT ANSWER: B 

There are three possible pairs of positive charges, anr .tance 
between the charges in each pair is a: 



= a 



^- V(4^) ^ (!) 

Thus , 

U = 3 X = 3q^ 

4^E^ a ATTE^a 

A detailed calculation of the potential energy ir^ te"-.: -f the work required 
to assemble the charges follows. It i.** offer/pd o ■ -aZ enrichment 

material. 

This conf rati or, ^.j- :SSGr;[;i^d -a :irree streps, v::^rL;s;; ; rom the 
premise ih.at <ai rhi^e ch^:r^o^ .^re ir.rUiiv located at infinitv. 



y 




i) A charge ("+q") is brought from infinity to the 
point (0, -a/2). Since no forces act on this 
charge, the required work is equal to zero (why?) 

ii) Another charge ("+q") is brought to the point 
(0, a/2) from y = Now, however, one must 

do work against the (repulsive) force exerted by 
the first charge. The force on a charge +q loca- 
ted at (0, y) due to a charge -rq at (0, -a/2) is 

V 1 

1 Aueo (y + (a/2))2 (D 



EKLC 
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continued 

Remembering the sign convention 

(work done on a system) = - (work done by the system) 

and using the work-energy theorem, one gets the work supplied to the 
system. Note that the path of integration is taken to be parallel to 
the force so that ?j-ds = Fjds; so 

y = (a/2) y = (a/2) ^ . 

-/F -ds = - f F.dy = - f — , 

' ^ J ^ ^ J AttEq T7+ (a/2))2 

y =s oo y = CO 



AttCo + (a/2)) 



(a/2) 



AttEq a 



(2) 



iii) one now brings the third charge to the point 
( — a, 0) -along the x-axis from x = +«> 

At a point v'/>|0) the force on this charge due to the other two charges 
already assembled: 



= ^ cose = ^ — = — 



2 



2 Attc^ r2 
o 



47T£^ r2 r 47re^ , o i a2 .3/2 

O O (x^^ + — ) 

4 



(3) 



Thus, the work required to move this charge into position 



W2 = - 

J I 



2 ^ 2 



2xdx 



(-2) 



Attc 



O (x2 + ) 



AttCq a 



(4) 



The total potential energy of the configuration is given by the sum of 
equations (2) and (4); namely, 



3 

1 2 47reQ a 



(5) 
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CORRECT ANSWER: B 



The contribution to dV due to a charge element dq = TdA consisting of a 

flat circular strip of radiu 
p X and width dx is 




dV = 



dq 



and dq may be expressed as 
dq = odA = a(27Tx) dx 

Thus, 

o(2^x) dx 



dV = 



AttGo /x2 + r2 

The potential V is found by integrating over the area of the disk: 

xdx 



V = ("dv = r -J 



(/a2 + r2 _ R) 



^2 + r2 2c^ 

Note also that this is the only dimensionally correct choice. 



TRUE OR FALSE? The area of the charge element is taken as the 
product of the circumference and width of the element. 
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The Meaninfi __o f Capac 1 t/uu-e 



OBJECTIVE 



To define capacitance; to become familiar with the units of capacitance; 
to solve simple problems involving capacitance. 



If several charged conductors are brought near each other, the poten lal 
of each one will be determined partially by its own charge and partially 
by the charge, size, shape, and positions of every other nearby con- 
ductor. For example, the potential oi an insulated conductor will be 
raised if a positively charged body is brought close to it; the poten- 
tial of an insulated conductor will be reduced if a negatively charged 
body approaches it. 

Any device in which a static charge resides or can be made to reside may 
be called a capacitor and may be said to have capacitance. Thus, any 
insu -ted conductor has capacitance. In general, however, for its sim- 
plicity and utility, the special case of two near-by conductors given 
equal amounts of charge of opposite sign is usually discussed in much 
detail. The simplest form of a capacitor made up in this way comprises 
two flat, parallel plates separated from one another by a dielectric 
material. Qualitatively, the capacitance of a capacitor is a measure 
of its ability to store electrical charge. For a structure of given 
dimensions and dielectric material, capacitance is a constant and does 
not depend upon applied potential differences or any other external in- 
fluences , 

A capacitor may be charged by connecting its plates through wires to 
any source of potential difference such as an electrostatic machine, 
a rotary generator, or a battery. During the charging process, charges 
are transferred from one plate to the other, the work being done by 
the source of potential difference. The ratio of the amount of charge 
transferred (q) to the potential difference across the plates (v) at 
any instant during the charging process is constant and, by definition, 
is the capacitance C of the capacitoi 

C = q/V 

In the MKS system where q is in coulombs and V is in volts, the unit of 
capacitance is the coulomb per Voltj renamed the farad (f). Since one 
farad is a tremendous capacitance from the point of view of practical 
capacitors, you will find sub-units of the farad commonly used: 

1 microfarad (yfi) = 10""^ f 
1 nanofarad (nf) 10"^ f 
1 picofarad (pf) = 10""^^ f 



next page 
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continued 

For many years, the work micromicrof arad (..jf) was used instead of . pico- 
farad and is still to be found in much of the literature yuu will rc?ad . 
Thus , 

1 micromicrofarad = 1 picofarad = 10" farad 
The capacitance of a parallel plate capacitor is given by: 

C = e^A/d 

in which A is the area of one of the plates and d is the distance separ- 
ating them. This expression is valid for a capacitor having a vacuum 
dielectric but may be used with little error when air is present between 
the plates. For capacitors in which otiier dielectrics are employed, thi^ 
value of the constant in the above equation depends upon the nature of 
the material. The relationship is generally written: 

C = Kr-^A/d 

for capacitors other than air or vacuum types, in which K is specific 
for the dielectric material and is called the dielectric constant.- 
Tables of dielectric, constants are readily available in textbooks and 
in the standard handbooks of physics. 

The problems in this section call for the 

(a) the definition of capacitance in terms of q and V; 

(b) understanding of the units used to measure capacitance; 



(c) calculations required to relate C, q, V, d, and A. 
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1. A parallel pl:ir.' capacitor consists of two parallel conducting 
plates of area A sep.ii ated by a distance d. The plates carry charge +q 
and -q respectively. Derive the expression for capacitance in terms of 
Eq, plate area, and distance between plates, then select the correct 
answer. 

(Note: Unless you can derive the required equation without help, you 
are to work problems 2, 3, 4, and 5 which follow.) 



EqA 



EqA 



C. C = c^Ad 

D. C = e^d 



2. Consider two charged conductors separated by a non-conductor. The 
charge on one conductor is -fq and that on the other is -q. The poten- 
tial difference between the conductors is V. miich of the following 
equations defines the capacitance of the system? 

A. C = 1/qV 

B. C = V/q 

C. C = qV 

D. C = q/V 



3. In the MKS system, the basic unit of capacitance is the farad. One 
farad (1 f) is equivalent to 

A. 1 coul/volt 

B. 1 coul - Volt 

C. 1 volt/coul 

D. 1 coul/volt^ 

EKLC 
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4. A 1.2-Mf television set capacitor is subject to a 3000-volt poten- 
tial difference across its terminals. What is the magnitude of the 
charge in coulombs on each plate of the capacitor? 



5. A parallel-plate capacitor consists of two circular plates of 30 cm 
radius separated by 1.0 mm. What charge in coulombs will appear on the 
plates if a potential difference of 400 volts is applied? 



INFORMATION PANEL Calculation of Capacitance 



OBJECTIVE 

To derive equations for the capacitance of capacitors having various^ 
geometries. 



Recognizing that 

C = q/V 

one can usually approach the problem of deriving an equation for the 
capacitance of a capacitor made of conducting surfaces of any shape by 
first writing the electric field equation for the particular case, sec- 
ond writing the potential difference between the surfaces in terms of 
the electric field, and finally substituting the value for V thus ob- 
tained in the above equation. In many cases, the second step may be 
omitted if the potential difference for the particular geometry has 
already been derived. 

For example, the potential difference between two concentric, conducting 
spherical shells is 

V = y9— - ^ ) where R > r 
4ire^ \ r R / 

Thus, to obtain the capacitance of a capacitor made up of two concentric, 
spherical conductors with a vacuum or air dielectric, this value for po- 
tential difference need be substituted in the first equation above to 
obtain the correct relationship. 



EKLC 
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continued 

It is worth remarking here that the insertion of conducting material 
between the plates of a capacitor has the effect of altering the effec- 
tive spacing between the plates. For example, if a good conductor 
like copper is formed into a slab of thickness t and inserted midway 
bet^^^een the plates of a parallel-plate capacitor, the effective spacing 
between the plates is then d - t, where d is the actual measured distance. 

You will be required to derive the expression for the capacitance of 

(a) two concentric, conducting, cylinders 

(b) two conducting, concentric shells; 

(c) an isolated conducting sphere; 

(d) a parallel-plate capacitor with a slab of metal between plates. 



6. Derive the equation for the capacitance of a capacitor formed 
two concentric hollow cylinders of length L with radii a and b (b 
then select the correct answer. 


by 
> a); 


(Note : 
problems 


Unless you can derive this equation without help, you must 
7, 8, and 9 which follow.) 


work 


A. 


C = AttGo (b - a) 




B. 


C = ZttGqL In (b/a) 




C. 


27re:^L 
r - ° 

in (b/a) 




D. 


^ ^ in (b/a) 
2iTe:oL 
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7. liJhat is the capacitance of a charged, isolated conducting sphere 
of radius a carrying charge q? 



A. e^a 



B. ATie^a 



ATTG^a 



8. A uniform slab of copper of thickness b is thrust into a parallel- 
plate capacitor as shown in the figure. It is exactly halfway between 
the plates. The capacitance after the slab is introduced is 



Z 



C = e„A (d - b) 
C = 



'o 



d - b 
C. C = 0 



COPPER 



2^1 
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9. What is the capacitance of the capacitor formed by the two concen- 
tric conducting, spherical shells of radii r and R (R > r)? 



A. c = J-(i-i) 
Attco \r R/ 



o 

rR 



° R - r 



C, C = AirCor 



C = AttCqR 



INFORMATION PANEL Equivalent Capacitance - Series and Parallel 



OBJECTIVE 

To determine the equivalent capacitance of a number of given capacitors 
connected in series; to determine the equivalent capacitance of a num- 
ber of given capacitors in parallel. 




Figure 1 

configuration of capacitors may be 

C = C^ -f C^ 



PARALLEL CONNECTION: As indicated 
in Figure 1, each terminal of each 
capacitor may be considered to be 
joined to the source terminal through 
a resistanceless conductor. Under 
these conditions, there will be no 
fall of potential along the connect- 
ing wires, hence the potential dif- 
ference across each capacitor will 
be that of the source. The equiv- 
alent capacitance of a f parallel 
found from: 

+ C3 + . . . Cn 
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continued 



SERIES COJWECTIOU: (Figure 2) 
Again specifying resistanceless con- 
ductors between source and capacitors, 
and between individual capacitors, 
all of the voltage drops that appear 
in the circuit will be present across 
the individual capacitors. The sum 
of these voltage drops is equal to 
the source voltage. The equivalent 
capacitance of a group of capacitors 
connected in series is given by; 

l/C = 1/C^ + 1/C2 + 1/C3 + . . . 1/C^ 

When capacitors are connected in series-parallel, the equivalent capaci- 
tance may be determined by reducing the circuit to either straight series 
or straight parallel (depending on the nature of the configuration) by 
finding the equivalent capacitance of individual groups thai: make up 
the complex circuit. Two of the problems in this section deal with such 
circuits in order to provide basic practice in this simplification pro- 
cess . 



c, 



Figure 2 
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11. The equivalent capacitance of a combination of capacitors can be 
defined as: 

A. the capacitance of several capacitors wired in series 
with the same capacitance as the original combination. 

B. the capacitance of several capacitors wired in paral- 
lel with the same capacitance as the original combin- 
ation. 

C. the capacitance of a single capacitor which could re- 
place a group of capacitors in an electrical circuit 
without changing the performance of the circuit. 

D. the capacitance of the single capacitor which has 
capacitance equal to the sum of capacitance of all 
the original capacitors. 



12. In the network shown, the capacitors , C2, and C3 have values 
A yf, 8 yf, and 16 \if respectively. 



\ 








\ 


1 





What is the equivalent capacitance of this combination of capacitors? 



13. In the network shown, the capacitors Cj , C2 , and C3 have values 
4.0 yf, 8.0 yf, and 16 yf respectively. Ifliat is the equivalent capac 
tance of this combination of capacitors? 




c, c, C3 
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For the c ircuit shown below, what is the equivalent capacitance? 




Cl = 10.0 uf 
C2 = 5,00 uf 
C3 = 4,00 uf 



INFORMATION PANEL 



Analysis of Capacitor Circuits 



OBJECTIVE 



To study various capacitor circuits in terms of total and individual 
charges, potential differences, and equivalent capacitances. 



Analysis of capacitor circuits can be substantially facilitated by working 
with a logical itemization of certain individual characteristics of 
series and parallel circuits, A useful listing appears below: 

Capacitors in Parallel 



Potential difference (V): The potential difference across each capacitor 
is the same as that of the source of potential difference. 



1 2 ^3 



Charge (q) : The total charge provided by the battery or other source 
of electrical energy is shaved among the capacitora in the parallel 
circuit and is equal to the sum of the individual charges 



The charge acquired by each individual capacitor is directly -j;roportional 
to the capacitance so that 



qj = C^V, . = C^V, q^ = C.V, 



etc, 



O next page 
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continued 

Equivalent capacitance (C) : The equivalent capacitance is the sum of 
the individual capacitances: 

C = Cj + + C3 + . . . 

Capacivovs in Series 

Potential difference (V) : The sum of the individual potential differ- 
ences is equal to the potential difference of the source: 

V = + + + . . . 

Furthermore, the potential difference that appears across the terminals 
of each of the capacitors in series is inversely proportional to the 
capacitance of the capacitor: 

^1 " ^/^l^ ^2 " V3 = q/C3, etc. 

Charge (q) : The charge "acquired by each capacitor is the same as that 
transferred by the source from one of its terminals to the other: 

q = qj = = q3 = . . • 

Thus, each capacitor in a series group acquires the same charge as every 
other in the group, and this charge is the same as that supplied by the 
battery to the circuit as a whole. 

Equivalent capacitance (C) : The equivalent Gapacitance is given by: 

1/C = 1/C^ + I/C2 + I/C3 + . . . 

The arithmetic may sometimes be simplified by using the relationship be- 
low for two (and two only) capacitors in series: 

r - C1C2 



The problems in this section of your work involve the relationships 
given in this Information Panel, plus the techniques used to reduce 
series-parallel circuits to simple series or simple parallel arrange- 
ments, whichever is the more logical. 
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15. For the circuit shown below, what is the total charge in micro- 
coulombs supplied by the battery? 



V = 12 volts 

= C3 = 2.0 pf 
C2 = 1.0 vjf 
Ci+ = C5 = 3.0 pf 




16. Consider the combination of capacitors in parallel shown in the 
diagrnm: 




A voltage V is maintained across the terminals of the combination. The 
relationship among the voltages across each capacitor is: 



A. 
B. 
C. 
D. 



voltage across > voltage across > voltage across C3 
voltage across each of the capacitors is the same 
voltage across > voltage across = voltage across 
voltage across = voltage across C2 > voltage across C3 
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17. In a series array of capacitors, as shown below. 




which of the following is true? 

A. The charge stored by the combination is equal to the 
sum of the charges stored by the individual capacitors. 

B. The voltage drop across the combi nntion is equal to 
the sum of voltage drops across ' \iv individual capaci- 
tors. 

C. More charge can be stored in this combination, for the 
same overall voltage drop, than in any of the single 
capacitors . 

D. The voltage drop across C2 is zero since the net charge, 
supplied to it by the battery connected across points 

A and B, is zero . 
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18. A series array of capacitors is shown in the diagram. With a given 




overall potential difference V across points A and B, 

A. less charge is stored by the combination than would be 
stored by any one of the elements if it had the same 
potential difference V across its terminals, because 
the capacity of the combination is less than that of 
any one of its constituents. 

B. more charge is stored by the combination than would be 
stored by any one of the elements if it had the same 
potential difference V across its terminals, because 
the capacity of the combination is more than that of 
any one of its constituents. 

C. since that portion of C| which is joined to C2 , and 
that of which is joined to C3, are not connected to 
the battery, they have no net charge, and so do not 
influence the charge storage capacity of the network. 

D. the charge stored by the combination is equal to the - 
average of the charge which would be stored by each one 
of the components if the same potential difference V 
were applied across it. 
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19. In the diagram below, the charges on , , C3 , C^^, and Cr^ 
respectively are (all in gcoulombs) 



c, 



V = 12 volts 



Cj = C3 = 2 yf 



1 yf 



= C5 = 3 uf 



A. 12, 6, 4, 2, 12 

B. 12, 2, 4, 6, 12 

C. 12, 12, 12, 12, 12 

D. 6, 12, 6, 4, 4 



20. In the diagram below, the potential differences (in volts) across 
Cj , , Cg, , and are respectively 



V = 12 volts 

= C3 = 2 yf 
C2 = 1 yf 
C. = Cc = 3 yf 




A. 12, 12, 12, 12, 12 

B. 24, 4, 8, 12, 24 

C. 6, 12, 6, 4, 4 

D. 6, 2, 2, 2, 4 
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21. A potential difference of 10 volts is applied between points 



C2 

X 



C3 



B 



C, = = 3 yf 



S = 8 .f 
C,. = C, = 5 pf 



A and B of the circuit shown above. Caicu:ate the potential differ- 
ence across capacitor (between points X and Y) . 



A. 
B. 
C. 
D. 



Zero 
5 volts 
10 volts 
16 volts 



22. A 100-uyf capacitor (1 yyf = lO"^^ charged to a potential 

difference of 100 volts; then the charging battery is disconnected and 
the charged capacitor is connected to a second capacitor. If the po- 
tential difference drops to 50 volts, what is the capacitance (in yyf) 
of this second capacitor? 
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[a] CORRECT ANSWER: 1 

The arrangement shown in the drawing can be broken into three parts, one 
of them consisting of capacitors , C3 , and Ci+ . The latter capacitors 
are connected in parallel so their equivalent capacitance may be found 
by adding their capacitances arithmetically j i.e., 

C5 = C2 + C3 + Ci^ = 6 pf (1) 

Thus, the original circuit may now be replaced by the one below. 




This new arrangement clearly involves three capacitors connected in 
series; their equivalent capacitance C is given by 




Therefore 

C = 1 yf 

TRUE OR FALSE? If C2 , C3, and Ci^ had been 2 pf each, the final answer 
for C would have come out the same, 1 yf. 



[b] CORRECT ANSWER: B 

In diagrams we connect circuit elements (such as capacitors) with lines.. 
•These lines are to represent conductors with zero '^resistance"; .i.e., 
charged particles can move' along these conductors without expending any 
energy. These conductors, therefore, are equipotential lines, giving 
the. same potential difference across each capacitor. 
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CORRECT ANSWER: B 

The capacitance in general is given by the expression 

The potential of a charged, isolated conducting sphere is given by 
V = 



Thus 



^TTCQa 



C = ATie^a 



In other words, the capacitance of a charged sphere is proportional to 
its radius. 

Usually, we calculate the potential difference between two conductors. 
In this case, however, we found the potential difference between the 
sphere and a point at infinity. 



CORRECT ANSWER: 



We redraw the given circuit in the form shown here. We note the complete 

symmetry between the 
upper and lower branch 
of the diamond ("bridge") 
Since the two branches 
are completely symme- 
trical we expect the 
charge stored in esch 
of the capacitors with 
equal capacitance to be 
the same. If each of 
the 3 yf capacitor has 
the same charge stored 
in it, the potential 
difference across each 
of them will be the 
same. Thus, points X 
and Y are at the same 

potential. The potential difference across the 8 yf capacitor, there- 
fore, is zero. 
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[a] CORRECT ANSWER: B 

The capacitance of a capacitor is given by 

c = ^ (1) 

Since the electric field xs constant between the plates of the paral- 
lel-plate capacitor, the potential difference is given by the expres- 
sion 



V = - jl 



•dS = Ed 



where the electric field is 



E = H_ = _3_ 



Thus 

From (1) and (2) , we obtain 

c = i= ,q =^ 

V qd/GoA d 

TR^^ OR FALSE? For a given separation d, the pci - . :1 difference be- 
tween the plates varies inversely as thfe. ar&.a of c plate. 



ERIC 



[b] CORRECT ANSWER: 2,3 yf 

Since the capacitors are connected in series, the equivalent capacitance 
C is 

C Cj^ C2 c^ 

= i + i + l- 

4 8 16 



or 



C = 2.3 yf 
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CORRECT AiNSWER: B 

You have seen this configuration before. The equivalent capacitance o 
C^, C3, and C^ in parallel is 6 pf. This equivalent capacitance in 
series with Cj (2 pf) and C5 (3 pf) yields a total circuit equivalent 
of 1 pf. Hence, from 

q = CV 

the total charge stored by the 12-volt battery is 

q = 1 pf X 12 volts - 12 pcoul 

Capacitors Ci and C5 will have a charge equal to that supplied by the 
battery, namely 12 pcoul. The three capacitors in parallel (Cj , C3, 
and C^) must share 12 pcoul. The charges on these capacitors are pro- 
portional to their capacitances which are in the ratio 1/6:2/6:3/6 
respectively. The corresponding charges become 2, 4, and 6 'jcoul. 



CORRECT ANSWER: 10"^ 

The capacitance of a parallel-plate capacitor is given by 



C = -5- 



where A is the plate area, ar.id d is the distance between the plates. The 
capacitance is related to the potential difference and charge by 



^ ~ V ~ d ' 
Thus, the charge on the plate is 

q=-^V 

Substituting numerical values with ths area A = irr^ = ir x 9 x 10"^ g^j. 

^ X X 9 X 10-- X OQ 
• ^ xo''"'3 ' ^ ^"^^o X 9 X 10^ 



9 X 109 



X s X 103 = iQ-S ^Q^^i 



TRUE OR FALSE? If both the area and separation of the plates of a paral- 
lel-plate capacitor are tripled, the capacitance will be tripled. 
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CORRECT ANSWER: A 

The definition of the cap.Tcit^Zince of a capacitor is 




i.e., the amount of charge which raises the potential of the capacitor 
by one unit. 

Since the unit of charge is the coulomb (coul) and that of potential is 
the volt, we have 

1 f = 1 coul/volt 



CORRECT ANSWER: B 

The potential difference between two spherical shells is 




Using the definition of capacitance 
C q/V 

we obtain 

° R - r 

TRUE OR FALSE? As the final expression indicates, if R = r then the 
capacitance would become zero. 



CORRECT ANSWER: 28 yf 

Since the capacitors are in parallel, the equivalent capacitance C is 
C = C^ + C^ + C3 = (4 + 8 + 16) uf - 28 pf 
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CORRECT ANSWER: 12 

The original circuit may be replaced by the new one shown below: 



c, 



where 



Cg = C2 + C3 + Ci^ = 6.0 uf 



This new arrangement clearly involves three capacitors connected in 
series and the new capacitance C is 

1111 

— = — H + — — = 1 n 

c Ci ^ Ce ^ C5 

c = 1.0 uf 

Since the equivalent capacitance of the circuit is equal to 1.0 Pf, i.e., 
C = 1.0 pf and we know that the battery maintains a potential of 12 volts 
we can easily determine the charge from the equation 

q = CV = (1.0 X 10-^ f) X 12 volts = 1.2 x 10"^ coul 

= 12 ycoul 

TRUE OR FALSE? It is clear from this solution that, in general, 
yf X volts = ycoul. 



CORRECT ANSWER: B 

Potential drops are additive in a series combination. If Vj equals the 
potential! drop across the first capacitor, and V2 across the second capa- 
citor, and so on, tha overall potential drop across the combination is 



Vab = ^1 + + V3 
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CORRECT ANSWER: 100 uyf 



The figure below shows the situation described in this problem. We must 
first find the initial charge on the lOO-uyf capacitor by the use of the 
definition 



c = -a 

V 



100. 
volts 





Before 



After 



Thus, 



q = (LOO X 10"^2 f) X (100 volts) = 10""^ coul 



After the charged capacitor is connected to the second capacitor, the 
potential will be the same on both capacitors; namely, 50 volts and 
consequently the initial charge will be distributed between the two 
capacitors . Therefore , 

10-^ = qi + q2 = (Cj + C^) V 

= (lO'^O + C^) X 50 

and 



C^ = 10 J wf 

TRUE OR FALSE? If we had started with a battery of 50 volts, we would 
have found a potential difference of 25 volts across C at the conclu- 
sion of the action. 
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] CORRECT ANSWER: C 



The potential difference between the two cylindrical liurfaces can be 
obtained as follows; 

'b ^ . rb 

E dr 

'a 



Using 



E 



27T£QrL 
this becomes 



_3_ dr ^ . q b 
27ieoL r 2T7e L a 



Thus, from the definition of capacitance, we get 
^ V £n (b/a) 

TRUE OR FALSE? In this solution, q/Zire^L is constant for any cylinders 
tha - raay be selected for use. 



CORRECl ANSWER: A 

Since the value of the equivalent capacitance of a series chain of capa- 
citors is given by 

c c, C2 ^ C3 • • • 

it follows .iiat this value is Itss than that of any one of the components 
Cj, C2, C3, etc. I'hus, the charge stori^-g aapaoity of the combination is 
less than that of any individual component, provided that same potential 
difference is applied across them in both cases. 

Let us check this with a simple example. Suppose C, = 2 uf Co = 3 uf 
and C3 = 6 yf, then ^ ^ 

1 = 1 + 1 + 1 = 1 
C 2 3 6 

Thus, C = 1 yf, which is obviously less than aay individual component. 
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[a] CC^IRECT ANSWER: 3.6 x 10""^ 

From the definition of capacri^nce 
C = q/V 

we obtain 

q = CV 

Thus, 

q = 1.2 X lO"^ X 3 X 103 = 3.6 X 10-3 ^^^i 



[b] CORRECT ANSWER: B 

Since copper is a good conductor, the electric field inside the copper 
slab is zero. Thus the potential difference between the two capacitor 
plates IS simply 

V = i:: (d - b) (1) 

and 

^ = ¥7 = Fa - C2) 

•=-0 "^O 

From equations (1) and (2) , we may write 

V = (d - b) (3) 

Substituting (3) into the defining equation for capacitance of a capa- 
citor, we obtain 

^ ~ V - d - b 
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CORRECT ANSWER: C = 7,33 uf 

The series combination of and C2 can be replaced by a capacitor with 
an equivalent capacitance which is given by the equation 

Cj C2 

or 

= 3,33 Mf 

Thus the original circuit may be replaced by the circuit below: 
O f , 

f 



V 




The equivalent capacitance for this circuit and, therefore, for the 
original circuit is 

C = C3 + = 4,00 + 3,33 = 7,33 pf 

TRUE OR FALSE? The equivalent capacitance of Cj and C2 must turn out 
to be smaller than either C. or Co alone. 



CORRECT ANSWER: D 

The capacitances of I le five capacitors are given (in pf) as 2, 1, 2, 3, 
and 3, respectively. In addition, we found that the respective charges 
stored in these capacitors are (in pcoul) 12, 2, 6, and 12, Using 
the relationship 

V = q/C 

we obtain the respective potential differences (in volts) the values 
6. 2. 2« 2. and 4. 
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CORRECT ANSWER: D 

A capacitor can be thought of as a device which stores electric charge 
and thus, establishes an electric field around it. Therefore, poten- 
tial difference, V, exists between the two conductors of the capacitor 
indicating the storage of electric potential energy. By ci-3f inition, 
the capacitance of a capacitor is the amount of charge required to 
raise the potential of the capacitor by unity, or better, capacitance 
is charge per unit potential difference. 



CORRECT ANSWER: C 

This correct answer has a subtle point that you should note. The equiva- 
lent capacitor is to be capable of replacing a group of capacitors "with- 
out changing the performance of the circuit." This means that the equiva 
lent capacitor must have the same capacitance ss the group of capacitors 
which it might replace. Specifically, for the same electric potential 
difference, the equivalent capacitor must be able to hold the same charge 
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SI'CMI'.nIT 2 7 
Energy Storage in Capacitors 



OBJECTIVE 

To relate the work clone in charging a capacitor to the magnitude of the 
energy stored by it; to solve problems in which this relationship is 
involved. 



During the charging process involving a capacitor and a source of electrical 
energy such as a battery, charges are transferred from one of the two 
capacitor conductors (plates) to the other. Since each element of charge 
transferred causes the potential difference V between plates to increase, 
and since transfer occurs in a direction opposite that of the electric 
field being developed between conductors, work must be done to accomplish 
the transfer. Furthermore, as the charge increases, the work required to 
transfer each additional element of charge also increases. This is clearly 
a case of work done against a varying force. 

Consider a capacitor that already possesses a charge q ' as a result of 
previous transfers of charge elements. An additional charge element dq' 
is now to be transferred in the same direction so that the amount of work 
required to do this is: 



dW = V dq' (1) 

where V is the already established potential difference between the 
conductors (i»e., energy per unit charge already present). 

Making use of the relationship for a capacitor, namely. 



V = q'/C (2) 

in which C is the capacitance, we may rewrite equation (1) as follows: 

dW = (q7C)dq' (3) 

To find the total work W required to transfer a total charge q in this 

manner, it is necessary to integrate equation (3) between the limits of 
zero and q, thus: 



or 
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continued 

Equation (A) is a much-used relationship in electrostatics. If the 
charging process described above has been carried on in a conservative 
way, that is> if care has been taken to avoid loss of energy due to 
heating effects, it may be assumed that the energy stored in the capaci- 
tor is equal to the work done in charging it so that 



V-lf (5) 
where U is electric potential energy. 

Knowing that q = CV evi^bles us to write equation (5) in the alternative 
form: 

U = I CV^ (6) 
And finally, the fact that C = q/V yields a third form: 

U = I qV (7) 

In this section, you will be required to solve problems in which it 
will be necessary to 

(a) find the work done in charging a specific capacitor to 
produce a specified charge; 

(b) find the work done in charging a specific capacitor to a 
specified potential difference; 

(c) make use of the relationship between potential difference, 
charge, and capacitance. 
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PROBLEMS 



1. Find the work done in charging a parallel plate capacitor to produce 
a final charge magnitude Q = 5 x io-3 coul on each plate and a potential 
difference between the plates of V = 100 volts. 



2. If a charge q is moved from one plate to the other of .iii initia'lLy 
uncharged capacitor with capacitance C, the potential difference V across 
the capacitor plates will be equal to: 



A. V = q/C 

B. V = C/q 

C. V = Cq 

D. none of the above 



3. If, in the capacitor of the previous question, an additional char 
increment of charge "dq" is moved from one plate to the other, in the 
same direction as q was moved, the work required to make this transfer 
xs given by: 

A. dW = dq/V = (q/C)dq 

B. dW = Vdq = (q/C)dq 

C. dW = dq/V = (C/q)dq 

D. dW = Vdq = (C/q)dq 
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4, Consider the process outlined in the previous question until a total 
charne Q has been transferred from one plate to the other. The total 
work vequired to charge the capacitor (i,e,, starting with an initial 
zero charge to end up with a charge Q) is given by 



2 C 2 C 



5, A parallel plate capacitor of 200 yf capacitance is charged to 500 
volts by means of a battery. Find the energy stored in the capacitor. 



INFORMATION PANEL Transfer of Energy in Capacitors 



OBJECTIVE 

To study the laws that govern the transfer of energy from one charged 
capacitor system to another, or when capacitor connections are changed 
from series to parallel and vice versa. 



In aci.ual electrical circuits containing capacitors, the charging and 
discharging processes always carry with them some energy losses in the 
form of heat generated by the moving charges in the connecting wires 
(and other components that may form part of the circuit). The problems 
in the forthcoming section illustrate this effect. 

We shall be interested in a number of different energy- transfer situa- 
tions. These are outlined below; the listing has been arranged to 
conform vrith the order in which corresponding problems appear in this 
section. 
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continued 

(1) Capacitors may be charged in series, disconnected from the charging 
source, and then reconnected in parallel. When this is done, charges will 
move through the connecting wires as they redistribute themselves in the 
new configuration. An important consideration in this type of energy 
transfer is that the total c^mrge of the system reMuiins the scwe; charge 
is neither gained nor lost as a result of the redistribution. In general, 
to solve a problem of this variety, one must calculate the total charge 
that resides on the equivalent capacitor formed by the newly connected 
units. Once this has been determined, the final stored energy is obtained 
from: 

2 C 

where q = the total charge and C =- the equivalent capacitance of the 
combination. 

(2) A capacitor or group of capacitors may be charged from a known 
voltage source, disconnected from the source, and then connected to an 
uncharged second capacitor or group of capacitors. After the charges 
have been redistributed, the total charge is again the same as it was 
before the connections were changed, but .in this case it will be shared 
between the two capacitors instead of residing only in one of them. To 
find the difference in stored energy for the two conditions, one determines 
the original stored energy and the final stored energy, and then subtracts 
one from the other. Here, again, one finds that less energy appears in 

the final configuration because some energy has been dissipated in the 
form of heat in the connecting wires. 

(3) Two capacitors of different capacitance may be individually charged 
to different voltages, and then connected to one another with oppositely 
charged plates joined. In this case, the total charge at the end of the 
transfer will not be equal to the original total charge because some of 
it will be neutralized. To find the loss of stored energy in an action- 
of this type, the initial energy of the two separate capacitors is 
first calculated. The residual charge magnitude is then obtained by 
subtracting the smaller initial charge from the larger initial charge on 
the individual capacitors (i-e,, determining what is left after one charge 
has partially neutralized the other). The final stored energy is then 
calculated in the usual manner, and the loss of energy then obtained by 
subtraction as before. 
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continued 

(4) Two capacitors of different capacitance may be charged in parallel 
from a giver, source of voltage. They may then be disconnected from the 
source and each other, and reconnected with plates of opposite sign 
joined together. The final stored energy may be deterrr.ined by first 
calculating the magnitudes of the charge on each capacitor before the 
reconnection is accomplished, finding the residual charge due to partial 
neutralization after reconnection, and then determining the final stored 
energy by properly applying: 

E = 1^ 
2 C 



6. 



Cj = 400 uf 



= 400 uf 
C3 = 200 uf 



'V=100 volts 

Three large capacitors having capacitances of Cj = 400 uf , C2 = 400 uf 
and C3 = 200 uf are connected in series across a 100-volt battery. After 
the capacitors are charged, the battery is disconnected and the capacitors 
are connected in parallel with the positively charged plates connected 
together. Find the difference in stored energy in the system of three 
capacitors in the two situations described above. 
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7, A capacitor having capacitance Cj = 10 pf .is charged to a potential 
difference V = 120 volts. The battery is disconnected and the i-iiarged 
capacitor Ci is connected to another uncharged capacitor of capacitance 
C2 = 30 uf as shown in the diagram. Find the difference in the energy 
stored. 



c, 



8. A capacitor having capacitance = 1 yf is charged to = 200 volts 
and another capacitor of capacitance C2 = 2 yf is charged to V2 = 400 
volts. If the charged capacitors are connected, positive plate of each 
to negative plate of the other, find the loss of stored energy. 



9. Two capacitors having capacitances Ci = 60 yf and C2 = 30 yf are 
connected in parallel across a 180-volt battery. After the capacitors 
are charged, the battery is disconnected and the capacitors are recon- 
nected in parallel with plates of opposite sign together. Find the 
energy stored in the final system. 
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Effect of the Capacitor Dielectric 



OBJECTIVE 

To define dielectric constant; to observe the effect of changing dielectric 
constant upon capacitance; to use the dielectric constant in capacitor 
calculations. 



The equation 



C = E ^ 
a 



giving the capacitance of a capacitor in terms of plate area A and plate 
sepr:^ation distance d has been derived for a capacitor in which the space 
between plates contains a vacuum only, or air for a close approximation, 
l-Zhen a solid or liquid dielectric fills the space between the plates, it 
is found that the capacitance C increases to an extent determined by the 
nature of the dielectric substance. 

The dielectru' constant k may be defined operationally as 

^ _ capacitance with dielectric 
capacitance in vacuum 



or 



K = 



Co (1) 



Since C^j is always larger than Cq, the dielectric constant is always 
greater than 1 for material substances. 

Several types of experimental observation should be mentioned at this 
point , 

(1) Suppose we place a given charge q on a vacuum capacitor C . The 
voltage across this capacitor would then be ^ 

= q/Co (2) 
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continued 

We now slip a slab of some dielectric such as mica or polystyrene between 
the plates to fill the gap completely. The capacitance will then be 
larger than before (C^) and, since the charge does not change, the new 
voltage will be 

Vd = q/Cd (3) 

Dividing equation (2) by equation (3) then gives us 
Vo Cd 



so that it is evident that the dielectric constant is also expressed as 
the ratio of the voltage in vacuum to the voltage with dielectric (same 
charge) . 

(2) Suppose now that we place a given charge on a vacuum capacitor in 
order to obtain some predetermined voltage. With the voltage measuring 
device connected across the plates, we then slide in a slab of dielectric 
and observe that the Voltage decreases. We then raise the charge magni- 
tude from q^ to q^ in order to reestablish the same voltage that was 
present before the dielectric was inserted. The relationship is: 

(initial) = C^V • (5) _ 

(final) = C^V (6) 

Dividing equation (6) by equation (5) yields: 

^d ^d 



(7) 



thus showing that the dielectric constant is also given by the ratio of 
the charge on the capacitor with dielectric to the charge in vacuum for 
foi the same potential difference between plates. 

Since the dielectric constant < be defined as in equation (1), we 
can also write: 



as the capacitance of a capacitor in which the space between plates is 
filled with a material of dielectric constant k. 
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10. A dielectric slab of thickness b and dielectric constant < is 
inijerted between the plates of a parallel-plate capacitor of place 
separation d and area A. What is the capacitance of the capacitor? 




KC^A 



B. C = 



Kd - b(K - 1) 



C. C = - 



d 



D. C = 



K(d - b) 



11. Wliat is an expression for the capacitance of a parallel-plate 
capacitor in terms of the following quantities? 

dielectric constant = k 
permittivity of free space = 
plate area = A 
plate separation = d 



A. C = 



B. C = 



C = 



D. C = 



kA 



KAd 



e^Ad 
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12. An air-capacitor is connected to the terminals of a battery which 
places a potential difference Vq across its terminals. The battery is 
then disconnected and a slab of dielectric material having a dielectric 
constant < is inserted between the plates • A voltmeter connected across 
the capacitor now reads a potential difference V^j, Select tlie true 
statement: 



A. 


Vo 


= Vd 


B. 


Vo 


> Vd 


C. 


Vd 


> Vo 


D. 


Vd 


= 0 



13, If a dielectric is placed in an electric field, induced surface 
charges appear which tend to 

A« increase the electric field by a factor of k 

decrease the field by a factor of 1/k 

leave the field unaffected 
D. increase the potential by a factor of k 



14. A parallel plate capacitor is made up of two circular plates of radius 

6 cm separated by a distance of 
1 cm. A 1-cm thick semicircular 
plate ot dielectric material 
with dielectric constant k = 4.0 
fills half of the 'space between 
the plates. Calculate the capaci- 
tance of this capacitor. (Give 
your answer in picofarads (pf) 

where 1 pf = 1 yyf (micromicrof arad) 
10-12 f J 
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15. Two identical capacitors each of 3 pf are given identical charges of 
900 pcoul each. Each has its plates initially separated by a layer of air. 
Now a sheet of mica (k = 8) is inserted into the air space of the second 
capacitor, completely filling it. What is the ratio of the potential 
difference across the capacitor with dielectric to that of the other; 



namely, V^/V 



a* 



A. 
B. 
C. 
D. 



8:1 
1:8 
8:3 
3:8 



16. An air capacitor having capacitance =1.5 pf is connected to a 
100~volt battery. After the capacitor is fully charged it is disconnected 
from the battery and filled \/ith a dielectric material of dielectric con- 
stant K = 3.0. If the capacitor with the dielectric is now connected to 
ancrther uncharged capacitor C2 = 3.0 pf as shown in the diagram, find the 
energy stored in the final system. 



DIELECTRIC- 




17. Which is the correct statement concerning the insertion of a 
dielectric into the air gap of a charged capacitor? 

A. The dielectric is pulled into the air gap by attractive 
forces. 

B. Work is done by an external agent, i.e., the dielectric must 
be pushed into the gap. 

C. No work is done either on or by the external agent inserting 
the dielectric. 

D. Initially an external agent must exert a force to get the 
dielectric halfway into the gap. Thereafter, the dielectric 
is pulled into place by an attractive force which, on the 
average, is equal to the force required to push it halfway 
into the gap. 
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18. A capacitor has a capacitance C = 1.5 when its } j/a^s are 
separated by a layer of air. It is fully charged to V ^ 600 volts 
by a battery. If the charged capacitor is first disconnected from 
the battery and then immersed in an oil of dielectric constant 
< = 3, find the energy stored in the capacitor. 
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CORRECT ANSWER: 0.05 j 

The initial energy stored in series situation is 

Ei = -i CV2 (1) 

where equivalent capacitance C is given by 

C1C2C3 

4 X 4 X 2 X 10-12 
(16 + 8+8) X = 10"" f 

Substituting the numerical values in equation (1) we obtain 

Ei = I X 10-^ X 10^ = 0.5 j (3) 

In order to calculate the energy in the parallel configuration, we 
will calculate the total charge Q that will reside on an equivalent 
capacitor C' = Cj + C2 + C3. However, since all the positively charged 
plates are connected together no charge is neutralized and, hence, 

Q « Ql + Q2 + Q3 

where Qj, Q2, and Q3 are the charges on capacitors Cj, C2» and C3 initially. 
Since Cj, C2, and C3 were connected in series initially, the charges 

Ql o Q2 = Q3 « Qs 

Therefore, 

<? « 3Qs 

The charge is obtained from 

c 

-Qs 



Ci C2 C3 J 



or 



Qa « VC • 100 X lo-** - 10-2 ^Q^ji 
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continued 

The final energy is 

, 1 1 M 

^ ^ 2 C» " 2 (Ci + C2 + C3) 

9 X 10-^"^ 
2 X 10 X 10""^ 

= 0,45 j 

The loss in stored energy is given by 
- = 0,5 - 0,45 = .05 j 

The energy difference appears as heat in the connecting wires as the 
charges move througii them. We shall learn about this heating process 
in later segments. 

TRUE OR FALSE? In this solution we make use of the knowledge that the 
total charge stored by a group of capacitors in series is equal to the 
sum of the individual charges. 



CORRECT ANSWER: D 

The fact that the capacitance of a capacitor is multiplied by k makes 
certain materials with high dielerLric constant extremely useful in 
t:.i» construction of capacitors. Other factors, of course, must be 
considered, as mentioned earlier. 

In general, the capacitance of a capacitor depends upon: 

(1) the geometry of each element of the capacitor. (For 
parallel plates the area. A, and separation of the 
plates, d, enter in the expression for the capacitance.) 



(2) the material filling the space between the elements of 
the capacitor. (The dielectric constant K enters the 
expression* ) 
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CORRECT ANSWER: B 

Previously we found that for n itor with a charge q, the work 

required to transfer an add^* oaa. ge dq across the plates is 

dW = Vdq 

Now if we want . to find the total work required to charge the capacitor 
from zero charge to a charge Q, we must recognize that q will vary as 
the capacitor is being charged. Thus, 

dW = Vdq = dq 

and 



Thus, 




CORRECT ANSIVER: A 

This answer stems directly from our definition of capacitance, 
C = V/q 

You should remember that capacitance depends upon the following: 

(a) geometry of each conductor making up the capacitor^ 

(b) the geometrical arrangement of the conductors with respect 
to each other, and 

(c) the electrical properties of the material between the 
conductors making up the capacitor. 
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CORRECT ANSWER: 0.12 j 

The initial charges on the capacitors C^ and C2 are 



Q = r ' 



2 X 10^ = 2 X 10-'^ ( ai 



(1) 



and 



Q2 ^2^2 = 2 X 10-^ X 4 X 102 = 8'x 10-^ coul 
The initial energy E^ of the system of two separate capacitors is 
= 1 CjVj^ ^ 1 Q^v^ 2 



2 2^2 



(2) 



18 X 10-2 j 

l^Jhen the capacitors are connected with plates of opposite' sign together 
some of the charge ±r, neutralized and the net 
charge Q = Q2 Q] ^iH he distributed on the 
plates of capacitors Cj and C2« In terms of 
equivalent capacicance C = C^ + C2 the energy 
stored in the final system is 




^ 1. (6 X 10"^)2 ^ 
2 3 X 10"6 



= 6 X 10"2 j 



(3) 



Therefore, 

Ei - Ef = 12 X 10-2 j = 0.12 j 

the loss in stored energy. . 
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CORRECT MSl^JER: B 

The dielectric constant k can be defined as the ratio of the capacitance 
of a capacitor with its gap filled with the dielectric to the capacitance 
of the same capacitor with its gap evacuated (or filj.'fi with air, since 
for air k^^^I), Since the batter^ has been removed Llie charge on the 
capacitor will remain constant. Thus, 

Vo = q/Co 

and 

Vd = q/Cd 

Dividing the two equat: ins, we obtain 

Vd q/Cd Co " " 

Therefore 

SO 

Vo > Vd 
since for any material 
K > 1 



CORRECT ANSWER: B 

The work required to move a crnrge dq across a potential difference V is 
dW = V dq 

Now, using the result of t:b:.<> pXBceding question we find for the potential 
difference across a capacitor with capacitance C carrying a charge q 




Therefore, 

dW * dq 
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CORRECT ANSWER: A 

To verify this let us compare the energy stored in the c;ipnrii.(jr before 
and after the dielectric is inserted. The situation consiuiM.'. , ; a 
charged isolated air gap capacitor (i.e., disconnected from the battery) 
The energy stored in the capacitor is 



2 C. 



(i) 



The dielectric is now inserted in the capacitor. Since the charge remains 
fixed, the new energy stored in the capacitor is 



° 2 Cd 2 kC, 



_ "a 



(2) 



or 



+ -f-t- + ++ + -!- 



Since k > 1, it follows that > U^. Thus, some of the electric energy 
stored in the capacitor originally has been lost. This lost energy was 
used to do work on the agent placing the dielectric into tlie gap. The 
figure below may help you visualize how this comes about. As the 

dielectric is brought near 
the capacitor, it gets 
polarized roughly as shown 
schematically in the figure. 
Thus at the top, the 
charges of the internal 
dipoles come closer to the 

charges of the capacitor 
with similar arrangement at 

— — — _ bottom. This brings 

about a new inward force 
since, on the average, unlike 
charges (attraction) come 
closer than like charges (repulsion). The dielectric is thus pulled in. 
The net force will be zero when the dielectric ends are equidistant 
from the ends of the capacitor plates. 



1. 
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CORRECT ANSWER: B 

In order to find the capacitance of the capacitor, we have to find the 
potential difference between the two capacitor plates. The electric 
field strength in the gap between the plates and dielectric slab is 

E = 

and the electric field strength inside the dielectric slab is 

E =:^ = -3- 



Thus, the potential difference between two plates is 



E'ds = EgCd - b) + Eb 



= _3_ (d - b) + -9 — b 



EqAk 



= [k(d - b) + b] 

Thus, from the equation 



C = -3- 
^ - V 



we obtain 

e„A< e^Ak 



C = ^ = 



'0 _ ''O* 



V ic(d - b) + b K d - b(K - 1) 

This problem can also be solved by considering the total capacitance 
as that of two capacitors in series, one of capitance 



d - b 

the other of cHpacitance 



TRUE OR FALSE? The electric field intensity ±nside the dielectric sisb 
is less than tSue field intensity in the air gap between plate and slaftj. 
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CORRECT /\NSWER; 25 j 

The energy stored in a capacitor is equal to work done in charging the 
capacitor . Therefore, 

1 9 

Energy stored = 'J = 



Substituting, we have 



Energy = i 200 x 10"B f ^ (500) ^ 

Energy = 25 j 
Note that the expression 

f CV2 

was used for the work done since the data was given in terms of C and V, 

TRUE OR FALSE? If the data had been presented in terms of Q and V, then 
the relationship would have been: 

1 9 
Energy = "2 



CORRECT ANSWER: B 

The insertion of a dielectric does not change the charge on the capacitor. 
Thus, the ratio of the potential differences is 

" Q/Ca Cd KEoA/d K S 

where the. sub script <f and a refer to dielectric and air respectively. 
(We have taicen ic for sir to be equal to 1.) 

TRUE OR FALSE? If the air-dielectric capacitor had been a vacuum- 
dielectric type, the ratio ^^/^^ wtfmiii have teeen much smaller than 
1:8. 
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CORRECT ANSWER: 0,16 j 

The initial charges on the capacitor plates and are 
and 

Q2 = c^v 

respectively. When the capacitors are reconnected with plates of opposite 

sign together, some of the charge is neutralized and the net charge 

Q = - Q2 will be redistributed on the plates of capacitors and 

In terms of equivalent capacitance, C = + the energy stored in the 

final system is 

f 2 C 

_ 1 [V(Ci - C^)]2 
= 2 + C2 



1 180 X 180 X 900 X 10-^2 



90 X 10-6 ^ 

= 0.16 j 

TRUE OR FALSE? The net charge present in the system after reconnecting 
the capacitors as described is greater than it was just prior "~ 
reconnection. 



to 



CORRECT ANSWER: B 

If a dieleclxic slab is Introduced xnto an electric field, the following 
XfisLationship may be applied: 




wfaere Eq and ITq represent the values of elexrtric field and potenliial before 
taae insertianL of a dielectric. 

Thwe,, E = Eq/:ic. The original elecfrric ^temrfty is reduced by ^ factor 

of U'*K. 
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CORRECT ANSWER: 0.25 j 

The charging process is carried out by transferring small positive charges 
from the plate at lower potential to the plate at higher poLcnLial. During 
this process, when the total quantity of charge has reachcMi •] the potential 
difference between the plates has reached V, where q and V ,ire related by 

q = CV (1) 

The symbol C in equation (1) is the capacitance of the parallel plates 
and is a constant depending upon the geometry and the nature of the 
dielectric • The work dW to transfer an element of charge dq is 

dW = Vq (2) 
Substituting the expression for V f.rom equation (1) yields 

dW = i qdq (3) 

The total work done W when the charge on the capacitor plate reaches Q is 

qdq 



= 1^ (4) 
2 C 

However, the given data is in terms of Q and V and not C. The expression 
for C in terms of Q and V is 

C = f (5) 



Therefore, equation (4) becomes 

QV 



2 Q 2 
= "I (5 X 10-3 coul) X 100 volts 
= 0.25 j 

TRUE OR FALSE? As equation (4) indicates, the work required to transfer 
a charge Q from one plate to another is inversely proportional to the 
capacitance between plates. 
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[a] CORRECT ANSWER: 0-054 j 

Initial energy stored in capacitor C^ is 

The original charge Q - C^V, will now be shared by the two capacitors 
so that 

Qi + Q2 = Q = CjV (2) . 

where Qj and are the new charge distributions on the plates of C^ and 
C2, respectively. However, and may also be computed from 

Qi = CiVf and Q2 = CzVf (3) 

where Vf is the new potential difference across C^ and C^ • 
Combining equations (2) and (3) and solving for Vf we obtain 
CiVf + C,Vf = C^V 

or 

The final stored energy is 

1 o „ 2 . 1 o „ 2 



ERIC 



Substituting equation (4) for V^, 



Ef = ^ (Ci + Cj) — ^ 



C 



or 

^f^4^^ Jcfi-^ (5) 



Therefore, tiie djcrference in stored energy is 

c, + c. 



2 1 \ + C^J 



= 0.054 j 
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continued 

Alternate Solution: 

The final energy may be written as 

E. = 1^ 
^ 2 C 

where C is the equivalent capacitance, that is C = + C2 and Q is the 
charge on the plates of equivalent capacitor which in this case is the 
original charge Q = C|^V. Therefore, 



1 C,2V2 
Ef - - 



2 C] + C2 

which is the same as equation (5) above, 



CORRECT ANSWER: .09 j 

The energy E£ stored by the capacitor after immersion in oil may be 
calculated from 

where is the capacitance of the capacitor when it is immersed in oil, 
that is 

Cf = <C (2) 
and Q, the original charge on the capacitor, is given by 

Q = VC (3) 
Substituting expressions (2) andf>(3) in equation (1), we obtain 
1 V^c^ 

f 2 kC \ 

_ 1 cv£ • • ^ 

~ 2 K 
= 0.09 j 



TRUE OR FALSE? The amount of stored electrical energy decreases when a 
charged, isolated air capacitor is immersed in an oil dielectric. 
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CORRECT ANSWER: 25 pf 

We can consider the given capacitor as made up of tv;o capacitors, one 
with the dielectric filling its gap. Since the plates of the given 
capacitor ''short out" the respective sides of the two "halves," the 

arrangement is similar to 
the one sho\^m here; i.e., 
I two capacitors connected 

in parallel. The area of 
each circular plate is 

Ao = (1) 

and the area of each 
semicircular plate is 

A = kjl = 7Tr2/2 (2) 



Now for a parallel plate 
capacitor 



^^^^ 

C - -_o_ (3) 



where A is the area as given in (2), d is the separation of the plates 
and is the same for both halves, Eq is the permittivity constant Riven 
by = 8.85 x 10^12 ^ 



Aire, 



= 9 X 109 



(4) 



and K is the dielectric constant; namely Kj =^ 1 and for the dielectric 
K2 = 4. 

Using equations (2) , (3) and (4) , we obtain 



= Aire. 



■o 8d 
1 X 36 X 10-^ 



= 0.5 X 10"11 f = 5 pf 



(5) 



9 X 109 8 X 10-2 
For computing C2 we must use K2 = 4, so the result will be 
C2 = 20 pf 

Recalling that for capacitors in parallel the capacitances are added 
arithmetically we obtain 



C = Ci + C2 = 25 pf 
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[a] CORRECT ANSWER: 1,5 x 10" j 

The total charc^e in the capacitor system remains unalterod since C; is 
originally uncharged. Thus, the net charge on each plate of an equiva- 
lent capacitor C is 

Q = CiV (1) 

The equivalent capacitance of the final system is 

C = kCi + C2 (2) 

where kCi is the capacitance of the capacitor C] with the dielectric of 
dielectric constant k added. Thus the final stored energy of the system 
may be obtained from 

F.f=-f (3) 

Substituting the values of Q and C from equations (1) and (2) into 
tion (3) yields 

C 2 v2 

^ 2(kCi + C2) ^ 



TRUE OR FALSE? The final stored energy in the system is the same as the 
initial energy stored in Ci. 



